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ABSTRACT
This project utilizes a relatively new type of holographic element called a Holographic
Diffraction Grating. We used this technology to implement a new and original method of
beam-steering. This report discusses the design, development, and evaluation of a Holo-
graphic Optical Beam-Steering system (HOBS) developed at the Massachusetts Institute of
Technology, Lincoln Laboratory. The final deliverables were a beam-steering system proto-
type and an evaluation of its functionality.
We tested several characteristics of our two holographic optical elements (Grating A
and Grating B) to ensure the beam quality was relatively maintained. Grating B met the
required 92.8% diffraction efficiency exactly, but Grating A only had an efficiency of 89.4%.
Both gratings met the requirements of 92% for high power efficiency and 97.9% for material
efficiency, and performed close to the requirements for RMS wavefront error and polarization
state changes. The results show that holographic diffraction gratings have the potential to
be used as components in beam-steering systems.
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1. EXECUTIVE SUMMARY
The technology of optical beam-steering has an expansive list of applications including
laser radar, infrared scanning, and data communication. Lasers can be used as a medium
to communicate data through free space, a science called Free-Space Laser Communication
(lasercom). Lasercom is superior to other methods of wireless communication with respect
to data transfer rates and transmission security because it is very difficult to jam the beam
or intercept data [Cadogan and Mulholland 1996; Henniger and Wilfert 2010][Ghuman and
Willebrand 2002, pg. 2,5][Majumdar and Ricklin 2008, pg. 1-2]. Our project evaluates a
relatively new method of beam-steering in the hopes that the system can be effectively used
in lasercom.
The conventional way to steer a laser beam is with a system of gimbaled mirrors.
Although mirror beam-steering systems are accurate and arguably the most widely-used
beam steerer, they tend to be bulky, heavy, and slow-steering in many applications where
the beam has a large diameter [Aubrun et al. 1998]. Faster steering systems are possible to
implement, but at the cost of higher power usage [Roth 2009; Crowley et al. 2002]. Finally,
gimbaled mirror systems typically do not install in a manner that allows them to be flush
to the mounting surface, (i.e., conformal), such as the surface of an aircraft.
One conformal method of beam steering can be achieved by using Risley prisms. When
light is injected into a Risley prism it is refracted, changing the direction of the wave. If a
laser is directed into the prism while the prism is rotated, the refracted light follows a circular
lotus of points. Cascading two prisms in series and controlling their rotations creates a beam-
steering system that is compact, robust, and reasonably insensitive to vibration [Doughty
et al. 2006; DiMarzio and Warger 2007; Marshall 1999; Schwarze 2006; Gutow and Sanchez
2006]. However, significant problems using Risley prisms as a method of beam-steering
include chromatic dispersion, thermal instability, and difficulty pointing the beam near the
optical axis [Nowak 2010; Roth 2010; Doughty et al. 2006; Schwarze 2006].
We would like to present a method of beam-steering using holographic diffraction grat-
ings. When collimated light is directed into a diffraction grating, it exits at a different,
constant angle called the diffraction angle, shown in Figure 1. A holographic grating uses
multiple layers of photosensitive gels with different refractive indices to diffract light. The
gratings used in this project were custom manufactured by OptiGrate Corporation (Orlando,
FL) according to a set of specifications supplied by Lincoln Laboratory. The gratings were
square 50 mm transmission gratings; gratings this large had never previously been manufac-
tured. Our hypothesis was that compared to Risley prisms, using holographic transmission
gratings to steer a laser beam would have more thermal stability and less complex steering
near the optical axis. If these qualities prove to be true, holographic optical beam-steering
could prove to be a viable approach for applications including data communication.
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Figure 1. A diffraction grating diffracting a laser beam. The incident beam
is directed into the grating and exits at a diffraction angle δ. Rotating a
diffraction grating while maintaining the beam’s input angle enables steering
of the beam.
.
The goal of our project was to construct a Holographic Optical Beam-Steering (HOBS)
prototype capable of diffracting two specific wavelengths, develop a steering algorithm, char-
acterize the system output beam, and deliver an evaluation to Lincoln Laboratory. To
achieve this goal, we identified four objectives:
1. Design and construct a beam-steering system capable of three-dimensional beam point-
ing that uses a coupled pair of rotation stages and diffraction gratings.
2. Design and perform reproducible procedures for analyzing the characteristics of the
individual diffraction gratings and HOBS system.
3. Characterize the movement of the three-dimensional pointing system and develop a
software program and a motor algorithm to direct the beam.
4. Keep accurate and thorough documentation and deliver a final report, presentation,
and evaluation of the HOBS system.
1.1 MECHANICAL SYSTEM
This section explains the mechanical aspect of the Holographic Optical Beam-Steering
prototype; we present the basic system geometry, design considerations, and steering ap-
proaches used to point the beam.
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1.1.1 Basic System Geometry
Our lab bench begins with a free-space laser emitted from a laser source into a series
of two diffraction gratings, which are manipulated by rotational motors. The laser beam
travels into the first diffraction grating and is diffracted at a constant angle of 25◦ as seen
in Figure 2(a). A motor rotates the diffraction grating in the plane normal to the incoming
laser beam, allowing an azimuthal rotation of the laser beam projection with a fixed elevation
angle. When two such systems are cascaded, as shown in Figure 2(b), the second diffraction
grating is rotated normal to the diffracted beam of the first system, giving the full system
two degrees of freedom. The two degrees of freedom allow the beam to reach a lotus of
points that is determined by superimposing the second stage’s scanning cone over the first
stage’s scanning cone. Because each grating diffracts the beam by 25◦, the lotus of points is
approximately 50◦ in total.
(a) One Degree System. (b) Two Degree System.
Figure 2. Separated system components. In the One Degree System (left),
the motor rotates the first diffraction grating about the Z axis (also known
as the optical axis). In the Two Degree System (right), the second system is
positioned normal to the first system’s diffracted beam and can also rotate
about its optical axis. In practice, the distance between the two gratings
is as small as physically possible (exaggerated distance is shown here for
illustrative purposes).
1.1.2 Design Considerations
The HOBS system is comprised of two diffraction gratings held by two motors that
must stay aligned with each other. In order to keep the motors and gratings precisely
aligned, we needed two mounting mechanisms with micrometry adjustments. The first motor
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mount attaches to the first motor and secures the first diffraction grating. This mount has
micrometry that keeps the first grating aligned with the laser. The second motor attaches
to the first mount so that the motors form approximately 25◦ angle with one another so that
when the first grating diffracts the laser at 25◦, the laser is directed into the second grating.
The second motor mount (also with micrometry adjustments) attaches to the second motor
and secures the second diffraction grating.
1.1.3 Steering the Beam
Because the HOBS system has two diffraction gratings, there were two diffraction
processes to consider when quantifying the laser’s directional output. To steer the beam from
one point to the next, all that is needed is the desired elevation and azimuth. The second
motor is positioned where the desired output elevation is reached. The first motor is then
positioned so the system is pointing in the desired azimuth. We implement an algorithm to
handle calculating the necessary motor positions to achieve the desired azimuth and elevation
system output.
1.2 TESTING
As we stepped through the process of developing our beam-steerer, we tested many as-
pects of the system to ensure the expected behavior of each of the components and identified
any faults or areas of needed improvement in the system. There were three stages of testing:
verification of optical testing component functionality, diffraction grating characterization,
and pointing tests. Because these holographic diffraction gratings are a new technology, we
designed specific test procedures to measure the optical properties of the gratings includ-
ing material and Fresnel losses, diffraction efficiency, wavefront error, and polarization state
effects.
Since we had to test each grating independently, we labeled them Grating A (the
grating placed in the first mount and motor) and Grating B (the grating placed in the second
mount and motor). We used two different wavelengths throughout the testing (1544.5 nm
and 1564.5 nm) since beam-steerers should be capable of transmitting and receiving signals
simultaneously. The pointing tests verified the precision and accuracy of our system, as well
as defined its limitations. The purpose of this testing was to characterize the beam-steering
capabilities and limitations of our system.
1.2.1 Material and Fresnel Loss Test
Sending a laser beam through a diffraction grating causes signal power losses including
material losses and Fresnel loss. Material losses can occur from signal absorption into the
glass and scattering of the light by localized non-uniformities in the glass. Fresnel loss is
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the amount of energy in the signal that is lost whenever light passes between materials with
different relative indices of reflection and is reflected instead of passing through the material.
The material and Fresnel test was conducted with each grating and using both wave-
lengths independently and combined. For each measurement, we aligned the power meter,
recorded data every five seconds for 50 seconds, and calculated the average. After recording
reference measurements with no gratings, we positioned the grating in between the source
and power meter with a lens, ensured that no light was being diffracted, and recorded mea-
surements of the undiffracted light. Next, we adjusted the grating to 25◦ from perpendicular
to the source and recorded measurements. This setup best allowed us to develop a model of
losses as the beam entered the grating at 0◦ and exited at 25◦, since there are losses both at
the entry and exit locations of the grating.
The goal of this test was to determine the total amount of Fresnel and material loss
that occurred as the laser passed through each grating. We found that Grating A had 2.33%
losses at 0◦ and 1.53% losses at 25◦. Grating B had 1.21% losses at 0◦ and 2.48% losses at
25◦. These results verified that the Fresnel and material losses did not exceed our maximum
specification of 2.1% set for the manufacturer.
1.2.2 Diffraction Efficiency Tests
In an ideal system, all of the signal sent into the holographic diffraction grating would
be diffracted at the desired angle. In reality, some of the signal passes through the grating
without being diffracted and some energy is diffracted at other angles. This error can be
caused by imperfections in the grating, misalignment of the grating with respect to the input
angle of the laser, or beam size. We used an iris to perform diffraction efficiency tests on
beams varying in size from 3 mm to 24 mm in order to determine which size beam was the
most efficient. In order to verify that our system would be functional in applications using
high power beams, we also performed a series of tests with the beam strength at 1 W and
10 W.
In the low power diffraction efficiency test, we used two power meters to measure the
undiffracted signal and the diffracted signal. When measuring, we recorded data every five
seconds for 50 seconds and calculated the average. Each test was conducted with each grating
and using both wavelengths independently. We first set the iris so that the beam was 3 mm
in diameter. We then measured the diffracted and undiffracted paths of the signal twice. We
performed this test repeatedly, each time increasing the beam diameter by 3 mm up to 24
mm, the full size of the collimator. We conducted the high power tests in the same manner,
measuring two signals at once for varying wavelengths and gratings, but with a constant
beam diameter of approximately 12 mm.
After accounting for our power meter offsets and various losses, we found the diffraction
efficiency of our gratings to vary from 75% to 93% over varying beam sizes and under 1.6
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Figure 3. Diffraction efficiencies over varying beam sizes under 1.6 mW
of power, separated by wavelength and grating. Most efficient is a beam
diameter of approximately 12 mm or half-inch.
mW of power, as shown in Figure 3. Overall, Grating B had average diffraction efficiencies
of approximately 90%, compared to approximately 85% efficiency with Grating A. We found
that over different beam sizes our gratings performed best with about a 12 mm or half-
inch diameter beam. The results of the high power tests demonstrated that our system
actually had higher efficiencies with beams of high power and therefore may be functional
in applications using high-powered lasers.
1.2.3 Wavefront Error Test
In a beam-steering system, a desired behavior is to maintain the wavefront of the inci-
dent beam. Distortion can cause error in the final signal, called wavefront error. Wavefront
error is the measure of the displacement distance of various points on the wavefront from
the mean location of the wave. The RMS wavefront is a statistical measurement of all points
on the wavefront. It is often quoted in waves, which are a normalized measurement with
respect to the wavelength of the beam.
We began this test by determining a reference wavefront error for both wavelengths
from just the source and collimator. To do so, we aligned the wavefront sensor directly
in front of the collimator. We measured the wavefront error with both wavelengths and
both gratings by again recording data every five seconds for 50 seconds. After aligning the
wavefront sensor to the diffracted beam, we again measured the wavefront error with both
gratings and wavelengths.
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The objective maximum root-mean-square wavefront error goal for each diffraction
grating was 0.025 waves. To determine this error, we calculated the difference in wavefront
error between the source beam and the diffracted beam. Grating A had a RMS wavefront
error of approximately 0.05 waves while Grating B had approximately 0.08 waves of error.
Neither of these values reached the objective value of 0.025 waves but are likely small enough
for demonstration purposes.
1.2.4 Polarization Test
Polarization is the property of waves that describes their direction of oscillation. In
the case of electromagnetic radiation, polarization describes the orientation of spin of the
underlying photons. The collective orientation of all of the photons in a beam is referred
to as the polarization state of the beam. A linearly polarized beam would imply that the
photons spin in the same axis. In contrast, a circularly polarized wave has photons that spin
in various orientations. Polarization effects of light are especially important because light
can be filtered by its polarization. The purpose of this test was to examine the effects of the
diffraction gratings on the polarization of the incident laser beam.
To begin this test, we determined reference polarization states for both wavelengths
with no gratings. To do so, we placed the polarimeter directly in front of the collimator and
recorded data every five seconds for 50 seconds. Finally, we aligned the polarimeter with the
diffracted beam and again recorded data for both wavelengths and both gratings.
The results of the polarization tests show the polarizations of the incident and diffracted
beam were mostly linear. The results also show that the diffraction gratings minimally change
the polarization of the incident beam. The degree of linear polarization changed by less than
0.5% in each grating and under each wavelength. The degree of circular polarization changed
less than 2% under all circumstances except with Grating A under the wavelength 1544.5
nm, which varied by 4%. These results show that the gratings have very minimal effects on
the polarization state of the beam.
1.2.5 Pointing Tests
In order to show that our system is steering a laser beam as desired, we had to charac-
terize and test the entire physical system for accuracy and precision. We tested the alignment
of the diffraction gratings to the optical axis of the laser beam, the ability of the full system
to point precisely, and the capability of the system to direct the beam to many points within
the field of regard. In the tests, we recorded the positions on the projected surface with an
infrared camera and analyzed the beam profile and location.
The results of our tests showed that the system was both precise and accurate. As
shown in Figure 4, the beam was able to repeatedly point within 50 microradians, the
highest resolution of our camera.The pointing output verified our beam-pointing equations;
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Figure 4. The elevation and azimuth of the beam as it was pointed repeat-
edly between two points. The maximum amount of error was within 50
microradians.
our field of regard test demonstrated the ability of our system to point to any elevation
and azimuth in the prescribed 50◦. Although our motors were not perfectly aligned to the
optical axis of the laser beam, the laser’s power was transmitted with a fairly consistent
power through pointing angular positions. These tests showed that with some improvements
to the mechanical design, the beam-steering system could be much more consistent and
better transmit power through all pointing angles.
1.3 CONCLUSIONS AND FUTURE WORK
Our goal was to design, construct, and evaluate a Holographic Optical Beam Steering
system. As shown through our testing, our diffraction gratings proved to be an effective
and efficient method of altering the direction of light’s travel. The gratings demonstrated
acceptable diffraction efficiency under all beam sizes and strengths, and had acceptable
material losses, wavefront error, and polarization changes.
A limitation seen in the system was the alignment issues of the diffraction gratings
and rotational motors. The input angle over which acceptable diffraction occurred was very
small. This small margin caused less acceptable diffraction to occur if the motors rotated
the gratings but were not perfectly aligned to the beam. These alignment issues were not
severe enough to prevent us from demonstrating the functionality of the prototype but may
cause unacceptable power losses for a commercial system. With a better mechanical design,
these issues could likely be resolved to an acceptable level.
We also encountered issues when trying to align two wavelengths at once due to the
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variation of the exact input bias angle and diffraction angle required for each wavelength. In
other words, when a grating was sufficiently aligned for one wavelength, the other wavelength
was poorly aligned. This misalignment resulted in poorer diffraction efficiency for both
wavelengths. For this reason, all the tests we conducted were performed separately under
each wavelength.
Much work has yet to be completed in order to characterize the HOBS system. Future
work could include characterizing the thermal stability of the system to determine if the
diffraction angles and quality of the beam are maintained over varying temperatures. In or-
der to more precisely align the motors and gratings, our mounting designs could be improved
upon. An important aspect that should be characterized is the relationship between mis-
alignment and the power loss caused as a result of it. A full evaluation on this relationship
would include specifications for mechanical requirements for alignment capabilities. Finally,
the steering capabilities around the optical axis should be quantified in order to compare to
a Risley prism beam-steering system.
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2. INTRODUCTION
The technology of beam-steering has an expansive list of applications including data
communication, laser radar, and infrared scanning. The most prevalent application of beam-
steering that interests Lincoln Laboratory is data communication. Focused light can be used
as a medium to communicate data through free space. This science is called Free-Space
Optical Communication (FSOC). In the application of beam steering, using infrared lasers
as the focused light medium is called Free-Space Laser Communication (lasercom). Lasercom
is superior to other methods of wireless communication with regards to data transfer rates
and transmission security. Because a laser beam is a direct link, it is very difficult to jam
the beam or intercept data of a lasercom system [Cadogan and Mulholland 1996; Henniger
and Wilfert 2010][Ghuman and Willebrand 2002, pg. 2,5][Majumdar and Ricklin 2008, pg.
1-2]. Our project evaluates a relatively new method of beam steering in the hopes that the
system can be used in lasercom.
Currently, the conventional way to steer a laser beam is by using a system of mirrors
rotated by gimbals. Although mirror beam-steering systems are accurate and arguably the
most widely-used beam steering technology, they tend to be bulky, heavy, and slow-steering
in many applications where the beam has a large diameter [Aubrun et al. 1998]. Faster
steering systems are possible to implement, but at the cost of power [Roth 2009; Crowley
et al. 2002]. Gimballed mirrors have a much smaller range of steering angles compared to
other beam-steerers [Aubrun et al. 1998; Tholl 2006; Crowley et al. 2002]. Finally, gimballed
mirror systems are not a conformal method of beam-steering, which means that they do not
lay flush to surfaces.
One conformal method of beam steering is achieved by using Risley prisms. When light
is injected into a Risley prism, it is refracted, meaning the direction of the wave is changed.
The light exits at a constant angle called the refraction angle. A laser beam directed into the
prism follows a circular lotus of points as the prism rotates. Putting two prisms in series and
controlling their rotations creates a beam-steering system [Doughty et al. 2006; DiMarzio
and Warger 2007; Marshall 1999; Gutow and Sanchez 2006]. A system of Risley prisms can
effectively steer a laser beam to any position within a certain range of angles, as prescribed
by the prisms’ geometries and materials. Although non-linear and difficult to understand, a
system of Risley prisms has many desirable attributes as a beam-steerer. The beam-steering
system is relatively compact, robust, and reasonably insensitive to vibration [Schwarze 2006;
Gutow and Sanchez 2006]. However, using Risley prisms as a method of beam-steering is
not without its drawbacks.
Even if the prisms have the exact same wedge angle, refraction angle, and wedge align-
ment, it may require successive large prism rotations just to make a small adjustment near
the optical axis, the axis of the originating beam. This behavior tends to limit the beam-
steering velocity near the optical axis. Often, this problem can be compensated for by adding
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Figure 5. A prism dispersing white light into its multiple wavelengths and
differing colors. Picture from [Kurtus 2005].
a third prism into the system. Because of the nature of prisms, chromatic dispersion occurs,
which is when the prism disperses the beam and spreads it into different wavelengths [Nowak
2010; Roth 2010; Schwarze 2006]. An example of dispersion is shown in Figure 5. Thermal
stability is another problem with Risley prisms; the refraction angle is not constant over
varying temperatures. These effects can be compensated for by choosing appropriate glass
mediums, if they exist. [Nowak 2010; Roth 2010; Doughty et al. 2006]
We have presented gimbaled mirrors, a conventional method of beam-steering, and
Risley Prisms, a more conformal method. Another possible method of beam-steering is by
using diffraction gratings. Diffraction gratings have two types of diffraction mode: transmis-
sion mode or diffraction mode. When focused light is directed straight into a transmission
grating, it exits at a different, constant angle called the diffraction angle, shown in Figure
6. A holographic grating uses multiple layers of materials with different refractive indices to
diffract focused light. For this project, we used two square 50 mm holographic diffraction
gratings manufactured by OptiGrate Corporation (Orlando, FL) according to specifications
set by Lincoln Laboratory. Gratings had never previously been made as large as these. Each
grating diffracts two specific wavelengths (1544.5 nm and 1564.5 nm) for transmitting and
receiving signals. We expect that compared to Risley prisms, using holographic transmission
gratings to steer a laser beam will have more thermal stability and more control along the
optical axis. If these qualities prove to be true, holographic optical beam-steering could offer
a viable approach for some applications.
The goals of our project are to construct a Holographic Optical Beam-Steering system
(HOBS) capable of diffracting two specific wavelengths, develop a steering algorithm, char-
acterize the system output, and deliver an evaluation to Lincoln Laboratory. To achieve this
goal, we identified four objectives:
1. Design and construct a beam-steering system capable of three-dimensional beam point-
ing that uses a coupled pair of rotation stages and diffraction gratings.
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Figure 6. A laser directed into a diffraction grating and exiting at the
diffraction angle δ.
2. Design and perform reproducible procedures for analyzing the characteristics of the
individual diffraction gratings and HOBS system.
3. Characterize the movement of the three-dimensional system and develop a software
program and a motor algorithm to direct the beam.
4. Keep accurate and thorough documentation and deliver a final report, presentation,
and evaluation of the HOBS system.
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3. BACKGROUND
This section gives an overview of the information necessary to understand the mo-
tives and applications of the Holographic Optical Beam-Steering (HOBS) project. A brief
background of light, lasers, and optical beam-steering is presented, along with some applica-
tions of lasers and beam-steering. We introduce the different methods of beam-steering that
are currently used, and examples of conventional systems. Finally, we discuss the optical
components that will be used throughout the project.
3.1 LIGHT
Light is electromagnetic radiation of various wavelengths. Light is the portion of elec-
tromagnetic radiation that is visible to humans, as shown in Figure 7. The fundamental
sources of all electromagnetic radiation are electric charges in accelerated motion; all bodies
emit radiation as a result of their molecules’ thermal motion [Freedman and Young 2008,
pg. 1122][Hecht 2002, pg. 58]. Electromagnetic radiation has many characteristics such
as intensity, frequency, polarization, and phase; these characteristics are determined by the
underlying physical phenomena, namely the transverse electromagnetic waves and quan-
tized energy packets called photons [Freedman and Young 2008, pg. 1122][Hecht 2002, pg.
47-51][Kong et al. 1994, pg. 15].
Figure 7. An image of light from the sun. Picture from [Commons 2010].
3.1.1 Light Theory
Light is described by a theory called the wave-particle duality of light. This theory
describes the behavior of light as both an electromagnetic wave and a stream of massless,
energized particles [Hecht 2002, pg. 47-51]. The wave nature of light explains light’s fre-
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quency, phase, and electromagnetic nature; the particle nature of light explains its quantized
energy and its interaction with solid-state matter. The electromagnetic wave of radiation
consists of two mutually-perpendicular waves, an electric field component and a magnetic
field component [Hecht 2002, pg. 58][Kong et al. 1994, pg. 10], shown in Figure 8.
Figure 8. A diagram illustrating a traverse electromagnetic wave. The
magnetic field is oriented in the Y-axis, and the electric field is oriented in
the X-axis, with wave propagation in the Z direction.
As illustrated in Figure 8, the wave propagates in the direction shown with orthogo-
nal field components, which in free-space have the same phase and frequency [Hecht 2002,
pg. 46]. The wave shown in the picture illustrates the harmonic nature of light, which
has both frequency and phase. The frequency component of the electromagnetic radiation
determines the behavior of the wave in different mediums [Freedman and Young 2008, pg.
1092-1100][Hecht 2002, pg. 73-80]. Figure 9 shows the electromagnetic spectrum, which de-
picts different types of electromagnetic waves and some notable corresponding wavelengths.
These wavelengths are inversely proportional to their respective frequencies.
Wavefront is used to describe the relative phase of a coherent collection of electromag-
netic waves traveling in close proximity to each other. [Freedman and Young 2008, pg. 1122]
The wavefront refers to the spatial phase of such a beam of light.
The wavefront perspective of transverse waves describes the frequency and phase of the
underlying waves relative to time or position as desired. This view of waves does not, how-
ever, describe the direction of orientation of the wave’s underlying electric field and magnetic
field components. The orientation of these components is critical to characterizing an elec-
tromagnetic wave; their physical orientation in time and space, also known as polarization,
determines how the wave interacts with charged particles that it encounters [Freedman and
Young 2008, pg. 1133][Hecht 2002, pg. 46][Kong et al. 1994, pg. 15].
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Figure 9. The electromagnetic spectrum displays types of radiation and
corresponding magnitudes of wavelength and frequency. Picture modified
from [Kollewin 2009].
Figure 10. A diagram illustrating wavefront of a propagating transverse
electromagnetic plane wave. Note how wavefronts are placed at regular in-
tervals corresponding to a similar phase of the wave.
Figure 11 shows only the electric field component of an electromagnetic wave propagat-
ing in free space. The electric field component is rotating in a circle around the propagating
axis through space or time. The magnetic field, although not pictured, has similar behavior
but is perpendicular to the electric field. The concept of a circularly rotating field orienta-
tion, or state, is known circular polarization [Freedman and Young 2008, pg. 1141][Kong
et al. 1994, pg. 17]. There are several common polarization states: circular polarization,
elliptical polarization and linear polarization. The polarization property of light is espe-
cially important because polarization can be used in several applications such as filtering
light through polarized filters, i.e. sunglasses or polarization diplexing where two beams are
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Figure 11. A diagram illustrating circular polarization of a transverse elec-
tromagnetic wave. Picture retrived from [Wikipedia 2010].
combined using polarization [Freedman and Young 2008, pg. 1137].
Electromagnetic waves also carry energy. The energy of light is usually described by
the particle theory of light, which characterizes light as a stream of discrete bundles of
energy known as photons [Freedman and Young 2008, pg. 1122]. These photons are stable,
massless particles that move at the speed of light in empty space [Hecht 2002, pg. 51]. Even
small light sources emit enormous quantities of photons. For example, a small 1.0 milliwatt
Helium-Neon light source with an average wavelength of 632.8 nanometers, can emit 3.2∗1015
photons per second [Hecht 2002, pg. 53].
These photons carry frequency-dependent quantities of energy, and the sum of the
energy of the photons emitted per unit time is known as optical power [Hecht 2002, pg. 53].
The average amount of power per cross-sectional area of the beam is known as the beam
intensity or irradiance [Hecht 2002, pg. 53]. The beam’s power can then be transfered to a
medium by striking it and exciting the medium’s atoms; this process is known as dissipative
absorption [Freedman and Young 2008, pg. 1318][Hecht 2002, pg. 66]. The converse process,
known as photon emission, is when an energized atom emits a photon to release energy
[Freedman and Young 2008, pg. 1314][Hecht 2002, pg. 63]. Photon emission is the same
process by which a light bulb emits light.
3.1.2 Lasers
A laser is a particular light source that is used to generate coherent electromagnetic
radiation. Lasers tend to emit light that is highly coherent and monochromatic; these terms
respectively mean that the waves have a constant relative phase and the beam is stationary
with respect to its wavefront’s position and has a very narrow frequency band. The word
laser is an acronym for Light Amplification by Stimulated Emission of Radiation. [Freedman
and Young 2008, pg.1327][Hecht 2002, pg. 9][Siegman 1986, pg. 1]. Lasers have a variety of
applications, including:
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Laser Ranging: Distances can be measured by pointing a laser at an object and
measuring the time it takes for the signal to be reflected back to the source [Siegman 1986,
pg. 1039].
Material Processing: Due to the focused nature of laser beams they can be used for
cutting materials with extremely fine precision.
Laser Cooling: The linear momentum of photons can be transferred to atoms or ions
changing their motion. Through constant precise steering of the laser, the atom’s movement
can be slowed down and, thus, cooled [Hecht 2002, pg. 65].
Nuclear Fusion: It is possible to use a highly focused laser beam for extremely short
duration to initiate a nuclear fusion reaction [Freedman and Young 2008, p. 1498].
Data Storage: Through a process called burning, lasers can be used to store mass
amounts of data on CDs and DVDs. Writing data is done by literally burning the surface in
a pattern to encode 1’s and 0’s on the CD or DVD surface [Harris 2001].
Optical Communications: One application of lasers that specifically interests Lin-
coln Laboratory is optical communication. In future sections we will explore how light can
effectively be used to transmit data.
3.2 OPTICAL BEAM-STEERING APPLICATIONS
Optical beam-steering is the science of effectively steering light (lasers) in an arbitrary
direction or performing pre-determined fixed-case scan patterns. Light is typically steered by
the techniques of reflection, refraction, or diffraction. Each of these techniques has certain
advantages and drawbacks that may distort the light waves or cause a loss of power in
transmission, in addition to system limitations. Our project evaluates a possible new method
of beam steering that uses diffraction gratings.
Applications of beam-steering include data communication, infrared scanning, and laser
radar, among others. The most prevalent application that interests Lincoln Laboratory is
data communication, which is why we specifically explored this topic. Currently, desirable
methods of data communication include copper-based technologies, radio frequency, fiber
optics, and free-space optics [Ghuman and Willebrand 2002, pg. 2][Majumdar and Ricklin
2008, pg. 1-2].
The oldest technology of these four methods is Radio Frequency (RF). RF-based net-
works have superior range but lack the bandwidth and security necessary for modern commu-
nication [Cadogan and Mulholland 1996][Ghuman and Willebrand 2002, pg. 2][Majumdar
and Ricklin 2008, pg. 1]. Hard-wire communication technologies such as DSL, cable, and T1,
have the capability for much higher speeds than RF communication, but those speeds come
at a price. Compared to other technologies, copper-based systems are much more expensive
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[Ghuman and Willebrand 2002, pg. 2]. Fiber optics are newer, more reliable, and have much
higher data rates than both copper-based and RF communication. The large drawback is the
substantial initial cost of digging and laying fiber wire networks [Ghuman and Willebrand
2002, pg. 4][Majumdar and Ricklin 2008, pg. 1]. Optical fiber also cannot be used at all for
data communication between air-to-ground, air-to-space, or other free-space links.
Free-Space Optical Communication (FSOC) is the science of using light in free space
as a medium to communicate data between two points. Free-Space Laser Communication
is a form of FSOC that uses infrared lasers as the light medium. Free-Space Laser Commu-
nication (lasercom) shares nearly all of the same advantages of fiber optics and less of its
disadvantages. Lasercom is superior to other methods of wireless communication because
it has high data rates and transmission security. Because a laser beam is a very narrow
line-of-sight link, it is very difficult to intercept or jam beams of a lasercom system [Cado-
gan and Mulholland 1996; Henniger and Wilfert 2010][Ghuman and Willebrand 2002, pg.
5][Majumdar and Ricklin 2008, pg. 1-2]. Finally, benefits of lasercom include systems that
are portable and much more cost-efficient than fiber optics. These systems often have a
much lower size, weight and power than comparable RF systems. [Ghuman and Willebrand
2002, pg. 2][Majumdar and Ricklin 2008, pg. 3]. However, lasercom does have significant
disadvantages when used to broadcast data.
The most prevalent disadvantage lasercom has is that the beam requires a constant
line-of-sight between the transmitter and the receiver. This constraint means that lasercom
systems often need pointing and tracking systems, not typically necessary in RF systems.
The necessity of constant line-of-sight also prevents lasercom from effectively multicasting to
multiple receivers. Light cannot pass through obstructions such as trees or birds that may
happen to obscure the beam’s path [Ghuman and Willebrand 2002, pg. 10][Majumdar and
Ricklin 2008, pg. 4]. Specifically, atmospheric turbulence effects such as fog and humidity
can cause absorption of the beam and hinder its passage [Cadogan and Mulholland 1996;
Chan 2006; Henniger and Wilfert 2010][Ghuman and Willebrand 2002, pg. 5-6][Majumdar
and Ricklin 2008, pg. 3-4,9-10]. Light can also scatter, which reduces the beam’s power and
intensity at the receiver. However, if the beam could be accurately and efficiently steered
without obstruction, lasercom has the potential to be one of the most prevalent methods of
data communication.
3.3 BEAM-STEERING TECHNIQUES
There are three methods of altering and steering beams of focused light. Light can be
reflected, refracted, or diffracted.
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3.3.1 Reflection
Reflection is a change in the direction of a wavefront occurring at the intersection of two
mediums so that the wavefront remains in the first medium [Hecht 2002, pg. 96][Freedman
and Young 2008, pg. 1124]. In the case of light, reflection can be demonstrated easily by a
mirror.
Figure 12. A diagram illustrating reflection of a light beam off of a reflective
surface. Light travels through the first medium (air) and reflects off the
second medium (metal).
In Figure 12, the light beam strikes the metal at some point, with a known incident
angle φi and reflects. The angle of reflection, φr, can be shown as the same as the angle
of incident, φi, using Fermat’s principle. Fermat’s principle states that the path traveled
between two points by a ray of light is the path that takes the least time. Light traveling at
different velocities in different mediums can cause interference in the light’s path and change
its direction. In the case of a reflection, the light travels through a medium, reflects off of
another medium’s surface, and travels back through the first medium.
Reflection occurs to some degree on almost all surfaces. In the case of a mirror, reflection
is specular, meaning that the surface is very smooth and reflects light so that the wavefront
is well-preserved [Freedman and Young 2008, pg. 1124]. This phenomenon allows images in
mirrors to be the same as the objects from which the light originates. A diffuse reflection
occurs if the surface is rough and the light reflects in a manner that does not conserve the
beam’s shape. Diffuse reflection is the phenomenon that allows humans to see objects’ shapes
and not a reflected image of the light source shown on them [Freedman and Young 2008, pg.
1124].
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3.3.2 Refraction
Refraction is the change of direction of a wavefront occurring at the intersection of two
mediums so that the wavefront passes through both mediums. The directional change is
brought on by the differences in refractive index of each material, which is the ratio of the
speed of light in that material to the speed of light in a vacuum, c [Freedman and Young
2008, pg. 1125][Hecht 2002, pg. 100]. An example of refraction is seen in a prism.
Figure 13. A diagram illustrating refraction of a light beam traveling from
one medium (air) through another (glass). Glass and air have different
refractive indices, which causes the change in direction of the light beam.
The geometry of Figure 13 shows two triangles of interest: a triangle prescribed by
incident light vector’s components and a triangle prescribed by the refraction vector’s com-
ponents. The incident light vector triangle has an angle equivalent to that of φi, the angle of
incidence of the beam into the second medium, an opposite side of length, x, an adjacent side
of length, a and a hypotenuse of length
√
a2 + x2. The refracted light vector triangle has an
angle equivalent to that of φr, the angle of incidence of the beam from the boundary of the
mediums, an opposite side of length, d − x, an adjacent side of length b, and a hypotenuse
of length,
√
b2 + (d− x)2. The total length of the path is the sum of the two hypotenuses:
L =
√
a2 + x2 +
√
b2 + (d− x)2
The amount of time to travel the total length is each vector’s length divided by the respective
velocity of that material, which is now different. We assumed that light moves at arbitrary
v in air and v′ in glass.
t =
√
a2 + x2
v
+
√
b2 + (d− x)2
v′
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Applying Fermat’s principle, we take the derivative of the time of travel with respect to x:
dt
dx
=
1
2v
2x√
a2 + x2
+
1
2v′
−2(d− x)√
b2 + (d− x)2
We may begin to find the global minima, which is found when dt
dx
= 0:
dt
dx
=
1
2v
2x√
a2 + x2
+
1
2v
−2(d− x)√
b2 + (d− x)2 = 0
dt
dx
=
x
v
√
a2 + x2
− (d− x)
v
√
b2 + (d− x)2 = 0
x
v
√
a2 + x2
=
(d− x)
v′
√
b2 + (d− x)2
We may then substitute in the trigonometric identities and indicies of refraction n = c
v
and
n′ = c
v′ and show the angle of refraction:
n sin(φi) = n
′ sin(φr)
n
n′
=
sin(φi)
sin(φr)
This expression, commonly known as Snell’s law, shows that the angle of incidence and angle
of refraction rely on the refractive index of the two mediums through which the light passes
[Freedman and Young 2008, pg. 1125][Hecht 2002, pg. 101].
3.3.3 Diffraction
Diffraction is the change of direction of a wavefront when it encounters obstacles.
Diffraction can be seen in many cases with light such as a single-slit diffraction experi-
ment or when light travels through a medium with a varying refractive index [Freedman and
Young 2008, pg. 1355]. Diffraction often occurs as the result of the interference of many
waves; the waves may constructively interfere and make a stronger wave or destructively
interfere and make a weaker wave. Holographic optical elements called diffraction gratings
use diffraction to direct light that passes through them. Holographic diffraction gratings
have varying refractive indices throughout them that cause wavefronts to change direction
[Gaylord and Moharam 1985]. For a more complete explanation of diffraction gratings, refer
to Section 3.4.4.
Figure 14 shows light entering a diffraction grating at an incident angle, θi, and exiting
at the diffraction angle, θt. The lines in the grating represent consecutive phases of the
grating’s varying refractive index. The vector, K, represents the normal vector of the grating
at angle φ to the optic horizontal axis. The grating period is shown by Λ. It can also be
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Figure 14. A holographic diffraction grating. Light enters at an angle θi
and exits at an angle θt. The solid internal lines represent locations where
the refractive index in the grating are the same.
shown that diffraction occurs under the Bragg Condition, cos(φ − θ) = |K|
2|β| , where | β | is
the diffracted vector’s magnitude of the average refractive index which intersects the grating
at angle θ. The Bragg Condition is derived from Bragg’s Law [Gaylord and Moharam
1985][Freedman and Young 2008, pg. 1251][Hecht 2002, pg. 485].
3.4 BEAM-STEERING METHODS
In this section we describe four differing methods that are used to steer laser beams:
mirrors, optical phased arrays, Risley prisms, and diffraction gratings. Mirrors are steered
by a gimbal and use reflection to steer a laser beam, while the other three are conformal
methods that use refraction or diffraction.
3.4.1 Mirrors
The conventional method of beam-steering has been with mirrors on a gimbal. A laser
directed into a system of mirrors can be reflected to point in the desired position. The
biggest advantage of reflection is that the beam is not significantly distorted; the quality
and throughput of the beam is preserved better than with refraction or diffraction [Crowley
et al. 2002; Chao et al. 2003; Bos et al. 2009]. Unlike other beam-steering methods, gimballed
mirrors are wavelength independent; a wide band of wavelengths of light can be reflected
similarly [Tholl 2006].
Although mirror beam-steering systems are arguably the most widely-used beam steerer,
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they tend to be bulky and therefore slow-steering [Aubrun et al. 1998]. Bulky and slow
beam steerers can be improved upon, but at the cost of higher-powered systems [Roth 2009;
Crowley et al. 2002]. Depending on the application, more powerful and expensive systems
can perform more quickly without sacrificing other qualities. Although gimbaled mirrors
are accurate, they have a much smaller range of steering angles compared to other beam-
steerers [Aubrun et al. 1998; Tholl 2006; Crowley et al. 2002]. Gimbaled mirrors are also
non-conformal and therefore difficult to reduce in size [Roth 2009].
There exists a more conformal method of mirror beam steering called MEMS mirrors.
MEMS mirrors are Micro-Electro-Mechanical System mirrors that use reflection to guide a
laser beam. Due to their small size (under 1 mm2), they are able to steer very quickly at low
power levels [Chao et al. 2003; Bos et al. 2009; Bright et al. 1997]. However, MEMS systems
are very difficult and costly to design. They must have very accurate specifications or else
the reflected beam will be of poor quality [Chao et al. 2003; Bos et al. 2009; Bright et al.
1997].
3.4.2 Optical Phased Arrays
Optical Phased Arrays (OPA) are two-dimensional surfaces that change the phase of
light waves based on the optical properties of the surface. In effect, a beam reflected off
of the surface of an OPA can be steered by slightly changing the OPA surface’s properties
[Tholl 2006; Corkum et al. 1996; Bright et al. 1997]. Liquid Crystal OPAs are compact,
inexpensive, and do not require high power to control [Chao et al. 2003; Corkum et al. 1996;
Miller and Watson 1996], but often do not well-preserve the beam’s attributes. A common
major failure is low power throughput [Tholl 2006; Chao et al. 2003; Bright et al. 1997].
Although these systems can be used effectively to steer laser beams, these drawbacks are
significant compared to other beam steerers.
3.4.3 Risley Prisms
When light is injected into a Risley prism, it is refracted and exits at a constant angle.
If the prism is rotated, a laser beam directed into the prism forms a circular lotus of points
as the prism rotates. Putting two prisms in series and controlling their rotation creates
a beam-steering system [Doughty et al. 2006; DiMarzio and Warger 2007; Marshall 1999;
Gutow and Sanchez 2006]. A pair of Risley prisms can effectively steer the laser beam to
any position within a certain range of angles.
Risley prisms have many desirable attributes as beam-steerers. The beam-steering sys-
tem is relatively compact, which is convenient for installation and transportation [Schwarze
2006; Gutow and Sanchez 2006]. The prisms are able to steer the laser beam quickly and over
a large range of angles. The system is also robust and reasonably insensitive to vibration
[Schwarze 2006]. The mechanical design of the system is reasonably simple, which means
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that it can be easily replicated. However, this method of beam-steering is not without its
drawbacks.
Because of the system’s geometric nonlinearity, intricate mathematics are required in
order to characterize the system [Doughty et al. 2006; Marshall 1999]. The nonlinearity of
the system creates a problem with steering the beam along the optical axis (the direction in
which light entered the system) [Roth 2010; Doughty et al. 2006; DiMarzio and Warger 2007;
Schwarze 2006; Gutow and Sanchez 2006]. This problem is called a central null. The prisms
must have the exact same wedge angle, refraction angle, and wedge alignment in order to
transpose the beam back to its original path.
Even if the prisms have perfectly matched refraction properties, it requires large rota-
tions just to make a small adjustment near the optical axis. Because of the nature of prisms,
chromatic aberration occurs, which is when the prism disperses the beam and spreads it into
different wavelengths [Nowak 2010; Roth 2010; Schwarze 2006]. Thermal stability is another
problem with Risley prisms; the refraction angle is not constant over varying temperatures
[Nowak 2010; Roth 2010; Doughty et al. 2006].
3.4.4 Diffraction Gratings
Although their beam-steering systems are similar in concept, diffraction gratings work
differently than Risley prisms. Diffraction gratings are optical components that diffract
light at a constant angle of diffraction. An example is shown in Figure 25. The surface
of diffraction gratings is made up of periodic structures [Palmer 2000, pg. 41]. It is these
structures that determine the angle at which light will be diffracted. An example of a
triangular grooved surface can be seen in Figure 16. Light that is diffracted off of each
groove combines constructively to form a wavefront [Palmer 2000, pg. 12].
Figure 15. A diffraction grating. The incident beam is directed into the
grating and diffracted at angle δ. Note that the gratings used in this project
are rectangular, not circular.
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Diffraction gratings come in a number of different forms and qualities. They are made
to be either reflection gratings or transmission gratings. Incident and diffracted light beams
lie on the same side of reflection gratings, and opposite sides of transmission gratings [Palmer
2000, pg. 13]. Examples of reflection and transmission gratings are shown in Figure 16(a)
and Figure 16(b), respectively. Another type of grating is the holographic diffraction grating.
A holographic grating is composed of multiple layers of photosensitive gels. These photosen-
sitive gels can be made into sections with different refractive indices, which cause a change
in phase as a beam of light passes through the grating [Roth 2010]. Diffraction gratings can
also be blazed, which causes them to diffract only a specific wavelength of light [Swanson
1998][Palmer 2000, pg. 102]. The nature of diffraction gratings make them extremely useful
for controlling light.
(a) Reflection Grating (b) Transmission Grating
Figure 16. Two modes of diffraction gratings. Light is deflected off of the
grooves of a reflection grating (a) and passes through a transmission grating
(b). Picture modified from [Palmer 2000].
A system of diffraction gratings used similarly to Risley prisms could be very efficient
and useful in beam-steering. For instance, unlike Risley prisms, diffraction gratings have
proven to be thermally stable in varying temperatures, which is necessary in many beam-
steering applications [Glebov et al. 2002; Roth 2009]. Like Risley prisms, a beam-steering
system of diffraction gratings would be conformal and compact [Roth 2009].
Recently, some new diffraction gratings have been shown to be very efficient when
diffracting light; qualities that determine efficiency include having a high diffraction efficiency
and low Fresnel loss. Fresnel loss occurs when light passes between materials with different
refractive indices. This occurrence is present in transmission gratings; when light beams pass
through the grating, some light is reflected as a result of the materials’ impedance mismatch.
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For example, when light passes from air to the grating or vice versa, a portion of light is
reflected away from the rest of the diffracted beam. Diffraction efficiency is the measure of
how much power is retained after a beam of light has been diffracted. Many new diffraction
gratings have a very high diffraction efficiency (often in the upper 90th percentile) [Mehta
et al. 2005; Swanson 1998; Glebov et al. 2002].
3.5 OPTICAL COMPONENTS
In this section we give an overview of the various optical components used in the final
HOBS system and the measurement instruments we used to perform testing. We explain
the main function of each component and any information necessary for operation.
3.5.1 Laser Source
The laser sources used in the HOBS system are tunable laser sources made by Agilent
Technologies. The model in our experiments is the Agilent HP81689A. The laser source
produces laser light from 1525 nanometers to 1575 nanometers. The wavelength may be
changed by a resolution of 10 picometers around the central frequency. The source has a
power range from 6dBm to −3dBm with a 24 hour power stability of ±0.06dBm. It also
has a 24 hour wavelength stability of ±0.02nm. For a given power setting, the power levels
across the span of the wavelengths vary by less than ±0.3dB [Agilent 2001b]. The Agilent
HP81689A is pictured in Figure 17.
Figure 17. The Agilent HP81689A Tunable Laser Source. Picture from
[Agilent 2001b].
These sources are docked inside a control module, known as an Agilent Lightwave
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Measurement System. Our Lightwave Measurement System is the Agilent 8164A as pictured
in Figure 18. The docking system module supports the docking of up to five laser modules
that are controlled with the user interface of the control box. These laser modules may be
sources, amplifiers, or any other optical component that requires user control. The mainframe
may communicate with a computer via GPIB interface [Agilent 2001b].
Figure 18. The Agilent 8164A Lightwave Measurement System. Picture
from [Agilent 2001b].
3.5.2 Laser Power Meter
To measure the optical phenomena in the project, we used several types of optical
sensors. The simplest of these sensors is a power sensor. Power sensors read in the total
amount of power of an incident laser source. The optical head used in the HOBS project is
the Agilent 81625A, pictured in Figure 19. The Agilent 81625A optical sensor is calibrated
to detect power in the range of 850 nanometers to 1650 nanometers. The operating power
range is from +20dBm to −80dBm with a power resolution of 0.0001 dBm. The maximum
error is estimated at ±4.0% with a noise margin of less than 100 picowatts [Agilent 2001a].
Figure 19. The Agilent 81625A Optical Sensor Head. Picture from [Agilent
2001a].
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Figure 20. The Agilent 81619A Optical Sensor Head Interface. Picture
from [Agilent 2001a].
This sensor also has an Agilent 81618A Optical Head Interface Module that reads
the source information, pictured in Figure 20. This interface may plug into the previously
mentioned control box, but may also be connected to a simple stand-alone interface that
reads the present power to an LCD screen.
3.5.3 Imaging Sensors
Aside from power, we assessed other characteristics of lasers such as frequency, phase
and wavefront shape. Instruments called wavefont sensors analyze a small cross section of a
laser and read the phase and amplitude of sampled locations. The specific wavefront sensor
used in the HOBS project is the Sensors Unlimited SU640SDV, as pictured in Figure 21.
Figure 21. The Sensors Unlimited SU640SDV. Picture from [Goodrich
2009b].
The SU640SDV wavefront sensor has a resolution of 640 by 512 pixels and can read
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wavelengths from 900 nanometers to 1700 nanometers by using a focal-plane array made
from indium gallium arsenide. The wavefront sensor refreshes at 30 frames per second, has
a 14-bit resolution, and connects to the computer via a video link [Goodrich 2009b].
A second camera, a Sensors Unlimited SU320MX, was used in the HOBS project to
detect infrared radiation’s location spatially in testing. This camera is pictured in Figure 22.
Figure 22. The Sensors Unlimited S320MX. Picture from [Goodrich 2009a].
The Sensors Unlimited SU320MX is optimized for capturing light energy in low light
situations on a 320 by 240 pixel screen. This camera also detects radiation well into the in-
frared range with a high sensitivity for wavelengths from 900 nanometers to 1700 nanometers
using a focal-plane array similar to that of the SU640SDV. This component records 16-bit
data with a refresh rate of up to 60 Hertz [Goodrich 2009a].
The data from these cameras are recorded to a computer via an image processing card.
This card is the National Instruments NI1422 Frame Grabber, pictured in Figure 23. This
card is a 16-bit image acquisition card that records frames from the attached camera. It is
a high-speed card that can read from a wide variety of cameras and capture up to 80 MB of
data per second, far more than our cameras are capable of sensing. Included software from
National Instruments will generate video and can be controlled via their LabView Software or
a provided software programming interface in the C or C++ languages. [NationalInstruments
2009]
3.5.4 Polarimeters
To further understand the effects of optical characteristics of the HOBS system, we
make use of a polarimeter to capture any changes in the polarization of the laser beams. We
used the ThorLabs PA530 Polarimeter, shown below in Figure 24.
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Figure 23. The NI 1422 ’Framegrabber’. Picture from [Goodrich 2009a].
Figure 24. The Thorlabs PA530 Polarimeter. Picture from [ThorLabs
1998].
The PA530 has a wavelength sensitivity from 1100 nanometers to 1600 nanometers
and can safely detect polarization on a beam with power levels from 30 nanowatts to 3
milliwatts. This polarimeter captures the laser’s data on a tethered optical head and displays
the polarization state on a main controller box on a LCD screen. The controller box can
also be commanded by software. [ThorLabs 1998]
3.5.5 Optical Micrometers
Often in optics, fine alignment and adjustment of components is necessary. There
are several companies such as Thorlabs, Newport and Siskiyou that make fine adjustment
micrometery optical mounts. These components are capable of a very high resolution of
adjustment of both angles and positions of mounts.
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4. MECHANICAL SYSTEM AND STEERING METHODS
This section explains the mechanical aspect of the Holographic Optical Beam-Steering
prototype. The mechanical system plays a critical role in creating physical alignment for the
optical components. The system physically manipulates these optics and directs the actual
beam-steering of the laser source. The design of the system includes fine adjustment phases
and rotational motors to orient and adjust the optics.
4.1 CURRENT COMPONENTS
Two components have been preselected for use in the prototype: two diffraction gratings
and rotational motors. The diffraction gratings are holographic transmission gratings that
were custom-manufactured by OptiGrate Corporation (Orlando, FL). The two servo motors
(Part# RSA-2.0i) and controller box (Part# MC2000) were purchased from Siskiyou, Inc
(Grants Pass, OR).
Diffraction gratings precisely alter the direction of the incident laser beam, as shown in
Figure 25. The custom gratings prepared for this project diffract laser light of two specific
wavelengths: 1544.5 nm and 1564.5 nm. The incident beam must be directed into the grating
at a specific angle, called the input angle of the gratings. The input angle for Grating A
is approximately 0.3◦, and Grating B’s input angle is approximately 0.075◦. The gratings
deflect the desired wavelengths at approximately 25◦. The HOBS system was designed
around these specifications. These gratings are approximately 50 mm in width and height.
Grating A measures 4.95 mm in depth and Grating B measures 3.68 mm in depth. These
gratings are very fragile and only weigh a few grams. These gratings are unique. Because
the process of manufacturing volumetric holographic diffraction gratings is still relatively
immature, manufacturing gratings of this sheer size is a breakthrough.
Rotational motors manipulate the physical components, namely the optics and other
rotation stages. These modules weigh roughly one kilogram and have a top rotation speed of
3 rpm, or 18 degrees per second. The motors measure 5.91 by 5.33 by 1.0 inches, and have
an aperture with a diameter measuring two inches. Each motor connects to a controller box
via a 25 pin connector. The maximum load that each motor can support is 1.82 kg in the
horizontal axis and 5.45 kg in the vertical axis. A rotational motor is shown in Figure 26.
4.2 BASIC SYSTEM GEOMETRY
The HOBS prototype’s laser source is a free-space laser from a collimator that is directed
into a series of two diffraction gratings, which are rotated by rotational motors in their own
horizontal plane. Rotation of the first grating allows an azimuthal rotation of the laser beam
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Figure 25. Example of a diffraction grating altering the direction of a laser’s
path. Our gratings had a diffraction angle δ of approximately 25◦. Note that
although the grating pictured is circular, the diffraction gratings used in this
project were rectangular. Picture modified from [Roth 2009].
Figure 26. Siskiyou Motor Model RSA-2.0i used for rotating the diffraction
gratings. Picture obtained from [Siskiyou 2010].
projection with a fixed elevation angle as seen in Figure 27(a). When two such systems
are cascaded, as shown in Figure 27(b), it allows the beam to be steered around with two
degrees of freedom. The two degrees of freedom allow the beam to reach a lotus of points
that is determined by superimposing the second stage’s scanning cone over the first stage’s
scanning cone.
The system uses two rotational motors to achieve the two degrees of freedom in this
cascaded configuration. The first motor controls the rotation of the system in the horizontal
plane and moves the second motor and grating. The first diffraction grating is mounted in
the plane of this motor so that it may be rotated perpendicular to the laser source. For
the system to stay aligned, the second diffraction grating must be mounted normal to the
diffracted beam of the first diffraction grating (see Figure 27(b)). The second motor must
be mounted at a constant location relative to the first motor’s angular position. The second
diffraction grating lies in the rotation plane of the second motor.
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(a) One Degree System. (b) Two Degree System.
Figure 27. Beam Steering System broken down into its separate compo-
nents. In the One Degree System (left), the motor rotates the first diffrac-
tion grating about the Z axis (also known as the optical axis). In the Two
Degree System (right), the second system (i.e. second motor and diffraction
grating) is positioned normal to the first system’s diffracted beam and can
also rotate about its optical axis. In practice, the distance between the two
gratings is as small as physically possible (exaggerated distance is shown
here for illustrative purposes).
4.3 SYSTEM DESIGN
This section describes the design process of the mechanical system. We address the
design constraints, considerations, and process of the mechanical system.
4.3.1 Design Constraints and Considerations
The HOBS system is a prototype that was designed to demonstrate the concept of
beam-steering using diffraction gratings. This prototype is a low-cost system that was de-
signed over a short design cycle. Several parts had to be machined for the system as they
were tailored to specific applications. Parts machined for this project were made of available
metals at MIT Lincoln Labs.
The entire mechanical system was mounted on an optical lab bench, which is a large
metallic structure with regularly spaced threaded holes for screws. The system was mounted
atop an optical lab bench with other optical components such as the laser source and various
other tuning equipment.
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4.3.2 Mounts
The HOBS system contains two motors that must stay aligned with each other. The
two mounts that hold these motors were designed in Solidworks, machined, and then black
anodized in order to reduce undesirable reflection of the laser beam. The two mounts have
micrometer adjustments in the plane of the rotational motors for alignment of the incident
beam. The Solidworks drawings for these mounts can be seen in Figure 28. These mounts
also had to be made so that the gratings are held tightly without being damaged. As seen
in Figure 28, two mounts were created. The motor mount in Figure 28(a) holds the two
motors together as well as secures the first diffraction grating. The second mount, the
grating mount, seen in Figure 28(b), is mounted to the second motor and holds the second
diffraction grating.
(a) Motor Mount (b) Grating Mount
Figure 28. The Solidworks drawings of the motor mount (left) and grating
mount(right).
Motor Mount The beam-steering system needed a mounting mechanism that se-
curely held the two motors together in a rigid manner. Our design holds the motors in
their configuration regardless of the orientation of the entire system. Because the rotational
motors have a maximum load of 1.86 kg, both mounts were made as light as possible.
The motor mount, seen in Figure 29, was machined from 6061-T6 Aluminum, which is
a low cost, soft metal. The mount measures roughly six by four by two inches, and weighs
just 500 g. This mount has a 52 mm square hole with a mount where the first diffraction
grating is secured with soft nylon brackets. The mount has course micrometry adjustment
included in the design, as fine alignment adjustments can be handled at the laser beam’s
source.
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Figure 29. The system disassembled into its separate components. The
motor mount is secured to one rotational motor, while another motor is
attached to it at a 25◦ angle, the diffraction angle of the first diffraction
grating. The grating mount is secured to the second motor.
Figure 30. The motors, mounts, and gratings mounted together. Motor
1 is mounted vertically and the the Motor Mount attaches in the plane of
this motor. As pictured, the first diffraction grating is secured to the motor
mount by four nylon brackets. Motor 2 is secured to the motor mount at a
25◦ to match the diffraction angle of the first grating. The second diffraction
grating is secured by the grating mount, which is secured to Motor 2.
This motor mount attaches directly into the first motor by six screws spaced equally
around the rotation axis. The second motor is mounted by three screws that go through the
motor mount and into the stationary base of the second motor as seen in Figure 30.
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Grating Mount The second diffraction grating is mounted into the plane of the
second rotation stage with the grating mount. This second mount features six spring loaded
screws that compress the second motor and grating mount together. To allow freedom of
movement, the compressive force is countered by four fine-thread screws around the perimeter
of the mount that allow fine angular adjustment. The second diffraction grating, like the
first one, is tightly held in place by four nylon brackets.
4.4 HOBS SYSTEM GEOMETRY
This section explains the mathematical quantification of the system. In it, we provide
our assumptions and define all the parameters needed to understand the intricate geometry
of the system. Note that to characterize the system, we use both a right hand Cartesian and
spherical coordinate system. These coordinate systems have the same origin (the center of
the first diffraction grating) and define the exact same space. We define the entire system
as two subspaces and relate the two using Cartesian coordinates. After this derivation, all
mathematics are defined in the first subspace and in spherical coordinates.
4.4.1 Assumptions and Parameters of Analysis
During the analysis of the mechanical system, we made the following assumptions:
 Light travels in a straight path with negligible deviation or dispersion.
 The laser beam enters the diffraction gratings at the prescribed diffraction input angle.
 Any light reflected off of the system is negligible.
 Light diffracts at exactly the known diffraction angle of each grating.
 In application, the distance between the two diffraction gratings is ideally zero, but
negligible.
To properly quantify the mechanical system, several parameters must be defined for the
geometric model. These parameters include the angular positions of the rotational motors,
the diffraction angles of each grating, the output beam-steering angles of the system, and
the length between the center of mass of the two diffraction gratings.
In the following analysis, the angular positions of the motors is represented by Φ1
(motor one) and Φ2 (motor two). These angular positions may be any positive or negative
angle of the motors with an origin, 0◦. Note that these variables also represent the angular
rotation angle of the diffraction gratings. The diffraction gratings have set diffraction angles
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δ1 and δ2 seen in Figure 31, which are the angles of diffraction of the beam as it intersects
the gratings perpendicular to the plane of the grating.
The output of the system is defined as a spherical coordinate system with an azimuth
angle, φ, and an elevation angle, θ. The azimuth angle is defined as the angular distance
from the X-axis in the X-Y plane. A positive angular change is referenced by an counter-
clockwise rotation in the X-Y plane as viewed from the positive Z axis. The elevation is the
angular distance from the X-axis. A positive angular change in the elevation is referenced
by a rotation toward the component of the position projected in the X-Y plane. The final
parameter is the distance from the center of mass from the first diffraction grating to the
second diffraction grating (ideally zero).
4.4.2 Single Grating Case
We defined the coordinate system as a standard three-dimensional right hand Cartesian
coordinate space where the first diffraction grating lies in the X-Y plane and the Z axis is
the optical axis, shown in Figure 31. We also assumed for the purposes of analysis that the
diffraction occurs at the origin of the system. Using geometry, one can derive the laser’s
path, represented by a vector ~V with arbitrary length, `, azimuth, Φ and elevation, δ. Again
note the variables used represent the motor phase or rotation angle of the grating (Φ), and
the output diffraction angle (δ). These quantities are used to calculate the directional output
of the beam from the rotary stage. We denoted three vector components for the vector’s
displacement in each axis: ~VX , ~VY and ~VZ , as shown in Equation 1.
Figure 31. An illustration of the laser’s trajectory through one diffraction
grating. The diffraction grating is positioned at the origin. The laser beam
enters the system from the negative Z axis and exits in the direction shown.
Again note that although the grating pictured is circular, the gratings used
in this project were rectangular. Picture modified from [Roth 2009].
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Figure 31 shows the geometry used to arrive at the following characterization of the
beam’s trajectory.
[~V ] =
[
VX VY VZ
]
=
[
` sin(δ) cos(Φ) ` sin(δ) sin(Φ) ` cos(δ)
]
(1)
4.4.3 The Two Subspaces
Because the system has two diffraction gratings, there are two diffraction processes to
consider when quantifying the laser beam’s directional output. We previously showed how
a laser is pointed in its own coordinate system as described by one diffraction grating and
rotational motor pair. One grating and rotation stage is defined as one subspace with its
own coordinate system. The overall system has two of these subspaces. To determine a
vector of the beam’s overall pointing as a result of the cascaded systems (shown previously
in Figure 27), we superimposed one subspace over another.
Figure 32. The two subspaces. The first motor and grating pair is defined
as subspace S1 and the second pair is defined as subspace S2. The gray
lines illustrate how changes in the second subspace are represented in the
first. Both subspaces have the same origin, but are shown separated for
illustrative purposes.
49
∆x1 = ∆x2 cos(δ1) cos(Φ1) ∆x1 = −∆y2 sin(Φ1) ∆x1 = ∆z2 sin(δ1) cos(Φ1)
∆y1 = ∆x2 cos(δ1) sin(Φ1) ∆y1 = ∆y2 cos(Φ1) ∆y1 = ∆z2 sin(δ1) sin(Φ1)
∆z1 = −∆x2 sin(δ1) ∆z1 = ∆y2 · 0 ∆z1 = ∆z2 cos(δ1)
(2)
The overall pointing of the system is described in the first subspace, so the azimuth and
elevation of the pointing vector are also defined relative to the first subspace. The second
subspace is positioned so that the laser beam diffracted in the first subspace perpendicularly
intersects the X-Y plane of the second subspace. The distance between the two subspaces
may be considered to be practically zero because the pointing vector of the laser is not
affected as a result of both diffraction gratings.
Figure 32 illustrates the two coordinate systems superimposed, as described. The first
subspace, named S1, is the subspace of the first rotation stage with defined angular position,
Φ1, and diffraction grating diffraction angle, δ1. The axes in this system are x1, y1, and z1.
The second subspace, named S2, is the subspace of the second rotation stage with defined
angular position, Φ2, and diffraction grating diffraction angle, δ2. The axes in this system
are x2, y2, and z2. The equations in Equation 2 were derived to show how changes in the
second subspace are represented in the first subspace. The term delta, ∆, represents an
arbitrary change of unit of length.
In order to determine how changes in S2 affect S1, we developed a transform matrix
from the relationships in Equation 3. The matrix, seen below, maps S2 to S1.
S2 to S1 Transform Matrix:
[x1y1z1] = [x2y2z2]
 cos(δ1) cos(Φ1) cos(δ1) sin(Φ1) − sin(δ1)− sin(Φ1) cos(Φ1) 0
sin(δ1) cos(Φ1) sin(δ1) sin(Φ1) cos(δ1)
 (3)
4.4.4 Determining the System Output
The overarching goal of defining the system geometry is to determine the direction of
the laser beam output, defined in the first subspace, S1. The output was be determined in
spherical coordinates with regards to the two motor angular positions and the diffraction
angles. Because the two diffraction angles are 25◦, the maximum elevation is 50◦. When
both motor positions are at 0◦ (i.e. (Φ1,Φ2) = (0◦, 0◦)), the output vector is defined to have
values (φ, θ) = (50◦, 0). In Cartesian coordinates, this vector is pointing along the Z axis,
offset by 50◦ in the direction of the X axis. As φ increases, the vector rotates about the Z
axis in the XY plane.
In order to determine the overall output, the second subspace S2 must be mapped back
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to the subspace S1. By using the values of the diffraction angle and second motor phase, we
may find the beam’s pointing vector in S2 as demonstrated previously. After the pointing
vector is found, we may map back to S1 using the transformation matrix from Equation 3.
We can define the pointing vector of the beam in S2 as:
~V ′ = [V ′XV
′
Y V
′
Z ] =
[
` sin(δ2) cos(Φ2) ` sin(δ2) sin(Φ2) ` cos(δ2)
]
(4)
To map this vector back into the first subspace, we apply the transformation matrix
from Equation 3.
~V = ~V ′[T ] =
[
VX VY VZ
]
(5)
The values of VX , VY , and VZ are the vector components of the laser beam’s output
vector in the first subspace. They are functions of Φ1,Φ2, δ1, δ2, and `.
VX(Φ1,Φ2, δ1, δ2, `) =
` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1)
(6)
VY (Φ1,Φ2, δ1, δ2, `) =
` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1)
(7)
VZ(Φ1,Φ2, δ1, δ2, `) = −` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1) (8)
We next derived the equations that show the relationships between the system variables
and the system output angles. These variables are defined previously as the motor angular
positions Φ1 and Φ2, the diffraction angles δ1 and δ2, the system output azimuth angle φ,
and the system output elevation angle θ.
4.5 THE OUTPUT AZIMUTH ANGLE φ
Figure 33 shows how the azimuth output angle, φ, is affected by the angular positions
of the rotational motors.
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Figure 33. System azimuth output, φ, with respect to Motor One, Φ1, Motor
Two, and Φ2. The diffraction angles are fixed at 30
◦
.
The first motor’s rotation directly causes changes in the output azimuth of the system.
The partial derivative of the azimuth output with respect to the first motor’s angular position
is show in Equation 9.
∂φ
∂Φ1
= 1 (9)
The second motor’s offset from the optical axis causes any rotation of the second motor
to have a non-linear relationship with the output azimuth as shown by the partial derivative
of the azimuth output with respect to the second motor’s angular position in Equation 10.
∂φ
∂Φ2
=
cos(δ1) sin
2(δ2) + sin(δ1) cos(δ2) sin(δ2) cos(Φ2)
cos2(δ1) sin
2(δ2) cos2(Φ2) + 2 cos(δ1) sin(δ1) cos(δ2) sin(δ2) cos(Φ2) + sin
2(δ2) sin
2(Φ2) + sin
2(δ1) cos2(δ2)
(10)
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4.6 THE OUTPUT ELEVATION ANGLE θ
Figure 34 shows the changes in the elevation of the beam direction against the angular
position of the two rotational motors.
Figure 34. System elevation output, θ, with respect to Φ1 and Φ2. The
diffraction angles are fixed at 30◦.
The first motor in the system is mounted in a manner that causes purely azimuthal
changes in the output of the system. Changes in this motor do not cause changes in the
system elevation output as shown by the partial derivative of the elevation output with
respect to the first motor’s angular position in Equation 11.
∂θ
∂Φ1
= 0. (11)
The second motor of the system is the only one of the two motors that changes the
elevation of the system. The mathematical relationship between elevation and motor two’s
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angular position is seen in Equation 12.
θ = ± − sin(Φ2) sin(δ2) sin(δ1)√
1− (cos(δ2) cos(δ1)− sin(δ2) sin(δ1) cos(Φ2))2
(12)
4.7 STEERING THE SYSTEM
In this section, we present the methods of steering the system. We present the approach
followed to direct the system, provide sample scan patterns, and explain the limitations of
the system.
4.7.1 Steering Approach
To steer the beam to specific locations, both the first and second motor angular positions
must be determined. Because the first motor affects only the azimuth and not the elevation,
we first rotate the second motor to the desired elevation. This rotation also causes an
azimuthal change, which we then correct by rotating the first motor. It should be noted that
each pointing direction has two possible motor configurations. In beam steering algorithms,
this should be considered to avoid any undesirable behaviors.
To illustrate an example of this, consider the current system that has two diffraction
gratings of δ1 = δ2 = 25
◦ and is resting at (φ, θ) = (50◦, 0), corresponding to (Φ1,Φ2) = (0, 0).
We would like to move the elevation angle to only θ = 10◦. To make this elevation change,
we rotate the second motor from Φ2 = 0
◦ to Φ2 = 156.20◦. We can see in Figure 35 that the
beam slews to the desired elevation, but also deviates far from the original azimuth.
Figure 35 shows how the azimuth angle is adversely affected when motor two moves.
Fortunately, we can take one of two countermeasures: adjust the azimuth via the first rotation
stage after the motion is executed or adjust it simultaneously. Both approaches are shown
in Figure 36 using constant motor velocities.
Fortunately, the motors used in the project can be moved simultaneously. Moving both
the first and second motors in opposing directions allows us to move the beam in a curved
path from point to point. To make this line straight, the motors would have to move with
non-constant velocities. Perfect linearity is not possible given the limited control commands
available with our system, but may be possible with other systems.
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Figure 35. This image illustrates the effect of fixing the first motor’s angular
position to 0◦ and rotating only the second motor to change the elevation
output from 50◦ to 10◦. The system elevation output is represented by the
radius of the trace from the center of the graph. This radius is calculated as
the r = sin(θ). Thus, the elevations of zero correspond to the center of the
graph and the elevations of 90◦ correspond to a radius of one. The azimuth
of the system is simply represented by the azimuth of the graph, which is in
units of degrees.
Figure 36. Adjusting the azimuth via the first motor while simultaneously
rotating the second motor to change the elevation can result in a smoother
and straighter position adjustment. The plot on the left shows the system
output with two sequential moves, the elevation adjustment and then the
azimuthal compensation. The plot on the right shows a simultaneous move-
ment of both motors at constant velocities.
4.7.2 The Waypoint Method
Because linear angular movement is often desired for beam-steering purposes but is
not natural to the HOBS device, it may be beneficial to implement a waypoint method. A
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waypoint method is a technique of breaking up a long movement into a series of considerably
smaller movements. The method of doing so is by creating a straight path in spherical
coordinates as shown in the table below. Each small ‘step’ would be nearly straight because
deviation from linearity is small over small moves. Although the overall path may not be
perfectly straight, the waypoints could help linearize it. Figure 37 shows a nearly straight
path in spherical coordinates with the waypoint method.
As an example, assume that the system is located at (φ, θ) = (45◦, 45◦) and the next
desired location of the scanner is located at (φ, θ) = (35◦, 35◦, ). The system would move
by successive waypoints in angular space toward the goal. If the number of waypoints is 10,
Figure 37 and the following table show the movements executed:
Figure 37. A Ten Waypoint Movement. The beam is steered to the final
destination by way of ten separate stops, or waypoints.The system eleva-
tion output is represented by the radius of the trace from the center of the
graph. This radius is calculated as r = sin(θ). Thus, the elevations of zero
correspond to the center of the graph and the elevations of 90◦ correspond
to a radius of one. The azimuth of the system is simply represented by the
azimuth of the graph, which is in units of degrees.
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Current φ Current θ, Next φ Next θ Current Φ1 Current Φ2
45◦ 45◦ 44◦ 44◦ 17.66◦ 50.22◦
44◦ 44◦ 43◦ 43◦ 13.66◦ 55.67◦
43◦ 43◦ 42◦ 42◦ 9.91◦ 60.70◦
42◦ 42◦ 41◦ 41◦ 6.36◦ 65.40◦
41◦ 41◦ 40◦ 40◦ 2.96◦ 69.82◦
40◦ 40◦ 39◦ 39◦ −0.31◦ 74.03◦
39◦ 39◦ 38◦ 38◦ −3.47◦ 78.05◦
38◦ 38◦ 37◦ 37◦ −6.54◦ 81.92◦
37◦ 37◦ 36◦ 36◦ −9.53◦ 85.66◦
36◦ 36◦ 35◦ 35◦ −12.46◦ 89.28◦
Figure 38. A table showing the implementation of the Waypoint Method.
Note how the changes in system azimuth and elevation are broken into
linear subsections. From these increments, the positions of the motors are
calculated.
These waypoints are calculated point by point. First, the angular position of the second
rotary stage needed to determine the desired elevation is evaluated by Equation 13, shown
below:
Φ2 = ± arccos(cos(δ2) cos(δ1)− cos(θ)
sin(δ2) sin(δ1)
) (13)
This rotation produces an azimuthal change, which the first motor must compensate
for. The compensation needed from the first motor is found with the following equation,
Equation 14.
∆Φ1CMP =
∫ Φ2NEXT
Φ2CURRENT
∂θ
∂Φ2
dΦ. (14)
Then we add this compensation to the total next system azimuth to find the next
angular position of the first rotation stage:
Φ1 = φNEXT + ∆Φ1CMP (15)
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Figure 39. Comparisons of movements with different numbers of waypoints.
Each movement is carried out by moving both motors at specific velocities so that they
both start and stop moving simultaneously. Implementing more waypoints makes the beam
travel in a straighter path. If we view a waypoint case with extreme values, the advantage
of the Waypoint Method becomes clear. Figure 39 shows that if we increase the number
of waypoints to infinity, we have a perfectly straight path. In the first case with a direct
move, the azimuth veers off course by about 10◦. In the second case with two waypoints,
this azimuth change is reduced slightly to about 8◦. In the final case with ten waypoints,
the azimuth hardly breaks away by 1◦.
4.7.3 Steering Capabilities and Limitations
One way to demonstrate the beam-steering capabilities of a system is to create scan
patterns. These patterns are the lotus of points traced when the system is allowed to freely
drive both motors at a fixed velocity. These scan patterns demonstrate the natural motion
and tendencies of the system. We can see how the different ratios of movement on the
rotational motors produce different scanning paths as illustrated in Figure 40.
The first scan with ω2 = 0 shows how the first rotary stage moves the entire system. The
second scan pattern with ω2
ω1
= 1 shows the natural motion of the system with both stages
rotating. The third scan pattern with ω2
ω1
= 2 shows how changing the relative velocities
of the stages may produce different scan paths. The fifth pattern, ω2
ω1
= −2, shows us
that the system can make nearly linear movements if directed properly; these movements
deviate increasingly from linearity with diffraction angle size and distance between rotational
motors. The final pattern, ω2
ω1
= 1
10
, shows an incrementing style can pattern. The ring sizes
are changing non-linearly as expected but the paths are well defined.
A desired characteristic of a beam steering system is the ability to change the direction
of the beam in any azimuth or elevation desired from any position. The system may steer
to a limited lotus of points because of the diffraction angles of the gratings, as shown in the
scan patterns in Figure 41.
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Figure 40. Sample scan patterns with δ1 = δ2 at an arbitrary angle. The
azimuth output is the azimuth of the plots. The system elevation output is
represented by the radius of the trace from the center of the graph. This
radius is calculated as r = sin(θ). Thus, the elevations of zero correspond
to the center of the graph and the elevations of 90◦ correspond to a radius
of one. The angular velocities of the motors are represented by ω1 and ω2.
The term, φ, denotes if the second motor started at some bias angle, but
all of these scans start with both motors at the zero angular position.
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Figure 41. In these scans, first motor moves very slowly and the second
motor sweeps around it in an effort to hit many points in the available lotus.
Note that the velocities chosen were merely a mechanism to graphically
depict the available steering space. The graph on the left shows how when
both diffraction gratings in the system have equal values of 25◦ they may
scan to the optical axis. In the graph on the right, the system with δ1 = 30
◦
and δ2 = 15
◦ cannot steer to the optical axis.
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5. HOBS SOFTWARE
The HOBS mechanical system consists of two motorized rotation stages that are con-
trolled by an embedded controller, the MC 2000. This embedded controller handles driving
the motors, adjusting for speed and stopping motors at the desired position. The controller
accepts commands from a serial connection to a computer. The controller receives a wide
variety of parameters and commands from the connection such as at which velocity to move,
to what location to servo, and at what acceleration to ramp the motors. The HOBS software
system is primarily responsible for automating this communication process and providing
abstraction to the user in the form of a graphical user interface.
The HOBS software has several functions that are key to managing the HOBS device.
The most important task is to automate the communication process to the embedded con-
troller, the MC 2000. This communication process entails initializing a serial connection
in the computers’ operating system, handshaking with the embedded controller, and finally
sending and receiving messages. These sent messages command the motors to move by spec-
ified parameters while feedback messages give the status of the system and stream positional
data. This communication should operate very quickly so that information is as current and
the data arrival frequency is as high as possible. The software receives and interprets mes-
sages from the controller and stores them for data logging and finer control. The software
also provides some beam-steering algorithms to allow different functionalities to the beam’s
movements. The final key function to the software is to provide a user interface that allows
a person to command the device without any knowledge of the underlying system or steering
techniques.
The HOBS system is a prototype designed for the purposes of demonstrating and
testing a holographic optical beam-steerer. The software used to control the system is a
major component that must be stable, functional and versatile enough for testing. The
software may be used after the end of the project for further evaluation of the system if
deemed appropriate. This software should adhere to current programming practices and
standards so that it may be changed by other developers. The software should be written in
a manner that is clear, concise, well-documented and follows a common design pattern that
can be quickly understood by other developers at Lincoln Labs who may use it in the future.
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5.1 SOFTWARE DESIGN
Typically with most software applications, there are several different approaches to
solving the problem. Design decisions are made to help reduce cost, development time and
complexity. A major decision that we made before designing our software was deciding what
platform was suitable. Because of the relative simplicity of our software, the computer needed
for implementation did not need to be especially powerful. At MIT Lincoln Labs, there
are a mixture of users on both UNIX and Windows based platforms. Because developing
applications for cross-platform deployment is generally less complex with small programs, the
HOBS software was written for both platforms. This decision for cross-platform development
was heavily influenced by the chosen language and libraries used. The chosen language for
the development of the HOBS software was C++. Table 1 shows some common languages
and some of their disadvantages and advantages.
Software Pros and Cons Table
Language Pros Cons
C++
Compiled Bloated Libraries
Multi-Thread Supported
Well-Supported
Well-Supported GUI Libraries
Moderate Development Cycles
C
Compiled Slower Development Cycle
Multi-Thread Supported Low Level
Well-Supported Not As Many Libraries for GUIs
Matlab
High-Level Interpreted
Fast Development Cycle Costly Environment
Well-Supported No Multi-Thread Support
Java
High-Level Interpreted
Fast Development Cycle Java Virtual Machine Required
Well-Supported
Well-Supported GUI Libraries
TABLE 1
This figure cites some pros and cons for various common
programming languages.
Several major factors for choosing C++ included the number of well-supported and
optimized compilers, the availability of the object oriented programming paradigm, native
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compiling and multi-threading support. C++ is a multi-paradigm, general purpose pro-
gramming language that has many high-level and low level language features. There are
many C++ compilers for both UNIX and Windows. Another major attraction of C++ is
the wide availability of cross-platform graphical user interface libraries such as Nokia’s QT
Framework. In addition to functionality, there are some other factors that made C++ a
good choice. The object oriented nature made code maintenance simple and took advantage
of language features such as inheritance, which eases cross-platform development.
5.1.1 General Design
The HOBS software has four basic functionalities: to communicate with the HOBS
device, to generate commands such as waypoints, to provide a user interface and to record
data. The HOBS software is broken into classes that follow a modular design, shown in
Figure 42.
Figure 42. An overview of the data flow in the HOBS software.
The main entry point of the program is the Graphical User Interface (GUI). The user
interface initializes a communication link with the HOBS device, via the Application Pro-
gramming Interface (API). After configuring the HOBS device for operation, the user inter-
face class is freed so that the user may choose how to command the HOBS device through
the API. The user has options of how to command the HOBS device. There are three basic
modes of operation: Waypoint Mode, Scan Pattern Mode, and Local Mode. In Waypoint
and Scan Pattern Mode, the GUI sends a command to the API to run a waypoint path. The
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API calls the Math library to generate a series of waypoints, which are then commanded to
the motors. In Local Mode, the HOBS device is configured to be controlled by a manual
controller which can move the motors using manual push buttons on the MC 2000 controller
box. The Data Library provides support to the other classes. The Data Library has some
containers to help manage data such as positions of the motors and data loggers that record
events such as commands sent to the HOBS device.
5.2 SPECIFIC SOFTWARE DESIGN
This section will further explain the subsections of the HOBS software.
5.2.1 Graphical User Interface
The Graphical User Interface is a simple graphical user interface that allows the user
to send commands to the HOBS device via the API. The user interface has several respon-
sibilities: to send user desired commands to the HOBS device, to stream the most recent
data about the HOBS device, to display recently collected data, and to plot the output of
the HOBS device. The GUI was written using a cross-platform graphical interface library
called QT. QT is a library of structures that are used to make graphical entities such as
windows with which the user may interact. QT is a very high-level library, so prototyping
a graphical interface is fairly quick compared to using an operating system graphical library
such as the WIN32 library. The entire design of the graphical user interface of the software
was completed in only six small classes as shown below in Figure 43.
The main entry point for the entire program is the Main Window. The Main Window
is a QT class that initializes a communication link to the HOBS device via the API and
also instantiates the Main Widget class, a graphical window which drives several other
classes. The Main Widget Class is instantiated with a pointer to the API class, known as the
Command Class, that handles communication with the HOBS device. The Command Class
features several functions that another class may call to send commands, query data or even
tell it to abort operation. The Main Widget Class has the responsibility of handling sending
commands to the Command Class and handles driving several other graphical classes. The
Main Widget retrieves data from the Command as the status of the HOBS device operates.
The data may include the motors’ angular positions, the system output, the connection time,
and several other items such as the HOBS device’s operation mode. Next, the data points
are pushed to the other classes driven by the Main Widget, such as the Plotter Widget. The
Plotter Widget displays the currently estimated output of the HOBS device in the form of
a polar plot. Another widget that handles displaying live data is the Display Widget, which
displays the most recent HOBS device data such as current motor angular positions and
system outputs. This class simply displays the data in a numeric form which updates about
once a second. The final widget in the GUI is the Data Widget, which displays all of the
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Figure 43. An overview of the HOBS Graphical User Interface shown com-
municating with the HOBS API.
previously mentioned data in a table with up to 1000 known values from the past.
The user interface makes use of a programming language feature called multi-threading,
which is the the process of concurrently executing instruction sets. For example, one thread
of execution could be preforming a task such as updating a counter, and another thread could
read that value and display it. This feature is necessary for the HOBS software because,
often, several functionalities must occur at the same time, such as communications with the
HOBS device, updating the display and performing computationally expensive calculations.
There is a class in QT called QThread which handles creating new threads and eventually
terminating them. Often, when multi-threading techniques are used in the HOBS software,
there will be a number of threads servicing the user interface and another set of threads
handling operating the HOBS device through the API.
5.2.2 Application Programming Interface
The API is a set of classes that handles communication and error-checking with the
HOBS device. The highest level class of the API is the HOBS Command class. The Com-
mand Class accepts very high level commands from the user that are broken down into a
series of simpler commands to be processed by the HOBS device. An example of a command
found at the Command level would be instructing the HOBS device to move from its cur-
rent pointing position to a desired pointing position. Several functions must occur for this
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seemingly simple task. First, the current position must be found, then a path of movements
must be generated for each motor to move to the final location. Then, those paths must be
broken down into character string commands that will be sent down through lower classes
and into the operating system for sending by the serial port.
As previously mentioned, the Command class is very high level. The class was designed
this way so that the programmer can drive the HOBS device with relatively few function
calls from the user interface. The user interface only can call eight functions from the API.
The Command Class has several tiers of classes underneath that handle the complexities of
communication with the HOBS device as show in Figure 44.
Figure 44. An overview of the HOBS Application Programming Interface.
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The second level of the API is the Rotary Communication Class. The Rotary Commu-
nication Class handles interpreting the very high level commands from the Command class
and converting them into ASCII character strings which will eventually be read in by the MC
2000 controller. The Rotary Communication Class also has a data logger, taken from the
Data Logger Class from the Data Library. The data logger in this class records the ASCII
character strings sent to and received from the MC 2000 controller with a time stamp. The
data log is printed to a common text file upon the end of the communication process. This
level of the API also implements error-checking to see if the message was properly received
and, in the event of failure, attempts to correct it.
Below the Rotary Communication Class, there is a class called the Serial Communi-
cation Class, which handles delivering ASCII messages to the operating system. The Serial
Communication Class has two main roles: to send and receive messages to and from the
HOBS device and ensure that all messages were completed by inspecting the number of
bytes transmitted and received. These messages are passed down to the final level of the
API: the Serial Access Class.
The Serial Access Class is an abstract interface that allows the program to use one of
two possible child classes to handle the very low level I/O of communications. The first class
is the Windows Serial Access which uses the WIN32 API to handle initializing and using the
serial ports in the Windows Operating System. The second class is the Linux Serial Access
which uses the TERMIOS API to handle serial communication in Linux-type systems. These
classes may be interchanged when the program is compiled for release on either platform,
Windows or Linux.
5.2.3 HOBS Math and Data Library
In addition to handling communication and user interfacing, the software must also
implement several algorithms and perform some complex mathematics to drive the HOBS
device. The HOBS device is driven by two motors with complex orientations that require
computationally heavy mathematics and a beam-steering algorithm to operate in a useful
manner. The Math library has both the necessary algorithms and mathematics to aid in the
steering process. When the Command Class is ordered to perform a move, it calls the Math
library to calculate the current position and generate the desired endpoints and associated
motor positional movements. The Math Library is also called by the GUI to convert streamed
motor positional data to an estimated system output.
The HOBS software is written so that all communications between the user and the
device and all known data are being constantly recorded. To perform this task the Data
Library must handle file data logging and memory data management. The Data Library has
a Data Logger Class that records ASCII character strings to a text file. The data logger
records the time-stamp of when the string was stored. In the case of the Communication
Class, character messages are sent by the HOBS software and by the HOBS device, so the
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Data Logger handles storing and organizing them as shown in Figure 45. The Data Logger
also has modes to store positional data from the motors. These data are often useful for
confirming physical behavior for testing purposes or general error checking.
Figure 45. An example of HOBS device communication as recored by the
Data Logger Class. Each line shows the date and time of when the messages
are recorded and if each message is send by the HOBS software or received
from the HOBS device.
5.2.4 HOBS Device Testing
The HOBS testing software was created for the purposes of evaluation the HOBS pro-
totype. In addition to user functionality, this software also includes several classes for func-
tionality testing. These tests have several purposes: to test motor functionality, to test the
HOBS system pointing and to test the HOBS beam-steering algorithm. Several of these tests
are written in a manner that allows them to perform automated experiments for a length of
time, record data and then analyze the data and display a result to the user. These tests
are written to be easily extensible by the user and customizable for future testing purposes.
5.3 DISCUSSION
The HOBS software is a prototype software written over the span of two weeks. The
main focus of the development process of the software was developing a device command
API with strong error handling. The software has several levels of error checking and error
handling that have thus far been reliable and consistent. The error checking in the HOBS
software first begins by checking the serial communication link and confirming that the cor-
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rect data have been sent and received. If errors occur at this level, the data are retransmitted
and checked again. Above this level, the messages are checked for proper length and sensible
values for data returned. If the messages do not seem correct to the software, an attempt to
retry the communication is made as shown below in the Data Logger in Figure 46:
Figure 46. An example of HOBS device communication error being handled
by one of the many error handling functions. In this example, the user
queries the angular position of the first motor by sending ’1 POS’. The
expected value to be returned is the same ’1 POS’ message followed by some
special characters to designate a new message and then the hexadecimal
position of the motor. In this instance, the message fails to be returned,
so the HOBS software resends the command and reads it the second time
successfully. In this case, the error was likely caused by a timeout condition
in the serial communication link.
In addition to heavy error handling, the API handles large amounts, sometimes millions
of data points, which are handled by the Data Library. The Data Library, although basic,
has enough error handling and basic functionality to reliably function. Fortunately, the first
revision of the Data Library including Data Loggers and Containers were stable enough with
very few bugs to be used virtually unaltered. Interacting heavily with the API and Data
Library, the HOBS Math class performs well, also. The mathematical operations in the
Math library are constructed from highly optimized and proven C math functions.
The HOBS Math Library does need optimization and algorithm improvement despite
good functionality. A good example of improvements needed are in the HOBS Waypoint
Algorithm. The Waypoint algorithm, as discussed before, divides the HOBS device’s move-
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ment into equally sized segments to create waypoints for the motor’s movement path. This
algorithm is used to linearize the angular movement of the HOBS device and when the HOBS
device moves, it tends to deviate further from linearity at higher elevation outputs, so more
waypoints should be placed toward the higher elevations in the movement path. These
improvements will likely prove to be complex and require much further behavior analysis.
Building on top of the API, the HOBS software is simple with no extra frills. The GUI
is basic with only enough commands for testing and evaluation purposes. The user interface
is shown in Figure 47.
Figure 47. An image of the graphical user interface in Scan Path Mode.
In this operating mode, the user can see present statistics about the HOBS
device and send several types of commands to drive the HOBS device.
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6. SINGLE GRATING TESTING
6.1 INTRODUCTION
As with any project which delves into the properties of new technologies, the diffraction
grating testing phase was an integral part of our project. As we stepped through the process
of creating our Holographic Beam Steering System, we tested many aspects of the system to
ensure the expected behavior of each of the components and identify any faults or areas of
needed improvement in the system. The following section will lay out our testing processes,
the issues we encountered during testing, the steps we followed to guarantee reliable data
and results for each of the tests.
Because holographic optical diffraction gratings of this size are a relatively new capabil-
ity, we made an effort to characterize many of these gratings’ optical characteristics. To make
these characterizations, we designed tests to isolate and measure each aspect individually.
Each test required its own test setup and equipment. In order to maximize the accuracy of
our tests, we first verified that each piece of our testing equipment was functioning properly
as expected. The process of verifying the testing components themselves required a few
additional tests. Once we verified our testing equipment’s functionality, we proceeded with
testing the characteristics of the holographic optical diffraction gratings.
The holographic optical elements used throughout this project each contained two
gratings, at wavelengths of 1544.5 nm and 1564.5 nm. We conducted all of our tests using a
laser source driving these wavelengths and tested surrounding wavelengths to determine that
these were the wavelengths with maximum efficiency for our diffraction gratings. Throughout
this section we will refer to these two wavelengths. It should be understood that with other
diffraction gratings, these specific wavelengths may vary.
6.1.1 Power Meters and Lenses
With the exception of the high-power diffraction efficiency test we used the same two
Agilent 81625A power meters throughout our testing. All of our tests were relative tests
between a reference measurement and our results, so we tested the power meters for dis-
crepancies in relation to each other. Throughout the remainder of this paper, we refer to
the power meter reading undiffracted light as P2 and the power meter reading the diffracted
signal as P1.
Each of the power meters has a lens to focus the beam to its focal plane. These lenses
needed to be tested as well. We measured the behavior of each of the power meters without
the lens, and then measured the same signal with the lens present to determine losses in the
lenses themselves.
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6.1.2 Fresnel and Material Loss
As light passes through any material, it experiences power loss as some of the energy is
absorbed, scattered or converted to thermal energy. In an effort to further understand the
gratings, we characterized the losses of laser as it passed through the gratings. These losses
can be categorized as both material losses and Fresnel loss. Material losses can occur from
signal absorption into the glass and scattering of the light by localized non-uniformities in the
glass. Fresnel loss is the amount of energy in the signal that is lost through reflection from
the grating interfaces. Fresnel loss occurs whenever there is a change in the relative index of
reflection and light is reflected instead of passing through the material. A example would be
that air typically has a relative index 1.0 while a diffracting grating may have a refractive
index of 1.5. These values represent that each material has a different phase velocity for
electromagnetic radiation, and because of the resulting impedance mismatch, similar to an
electrical circuit, not all of the signal is transmitted. Given that there is Fresnel loss on both
sides of the grating, energy is reflected as the light exits the grating. See Figure 48.
Figure 48. Example of the Fresnel loss caused by a diffraction grating as a
laser signal passes through the diffraction grating.
As seen in Appendix A, the required material loss of each grating is less than or equal
to 2% while the required maximum Fresnel loss (Anti-Reflection Coating Loss) is 0.1%. We
tested these characteristics together to verify that these losses combined did not exceed 2.1%.
6.1.3 Diffraction Loss
Ideally, all of the signal energy sent into the holographic diffraction grating would
be diffracted, but in reality, some of the signal passes through the grating without being
diffracted. An illustration of diffraction loss is shown in Figure 49.
Diffraction loss can be caused by imperfections or non-uniformities in the grating, as
well as misalignment of the grating with respect to the input angle of the laser. If the input
angle is not perfectly aligned the grating will not be in its optimal diffraction position and
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Figure 49. Example of diffraction loss caused by manufacturing defects in
the diffraction grating.
may have significant diffraction losses. See Figure 50 for an example of diffraction loss due
to misalignment.
Figure 50. Figure on the left shows the diffraction loss of a diffraction
grating aligned to diffract. The figure on the right shows how the signal will
not be diffracted if the grating is not positioned correctly.
6.1.4 Wavefront Error
Wavefront error may also reduce diffraction efficiency. Figure 51 shows an example
of an ideal plane wave and one with distortion. Distortions in the phase fronts of a laser
beam prevent the beam from maintaining a diffraction-limited nature, meaning it will focus
to a blurred spot. For a lasercom system that uses a single-mode-fiber receiver, phase front
distortion will translate to undesirable power loss. Ideally, the phase of the beam will be
unchanged as it diffracts through the grating. We measured the wave-front error of the
gratings using a Shack-Hartmann wave-front sensor designed for wavelengths in the 1.5-µm
band.
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Figure 51. Top figure shows the 2-D direction of travel of light for an ideal
plane wave. Bottom figure shows the same signal with distortion in the
plane of the wave. The arrows represent the direction of propagation of the
wave.
6.1.5 Polarization State
Polarization is the property of waves that describes the direction of transverse oscillation
of a photon. In the case of electromagnetic radiation, the polarization of the wave describes
the orientation of the underlying electric field and magnetic field. The magnitude and
direction of a magnetic or electric field of a transverse wave typically varies in both time and
space. The polarization state of a beam can be determined by the ensemble polarization of
all photons in the beam. A linearly polarized wave would imply that all of the photons in the
beam are polarized in the same direction and their fields only vary in one axis. In contrast, a
circularly polarized beam is a superposition of two orthogonal linearly-polarized states, with
a 90°phase shift between the two states. This produces a circularly-rotating time evolution
of the polarization vector, and is referred to as circular polarization. Some lasercom systems
require polarization to be maintained as the beam passes through the optical system. For
the HOBS system, we examined the effects of the diffraction gratings on the polarization of
the incident laser beam. An ideal diffraction grating would not alter the polarization of the
incoming light.
6.2 POWER METERS
We used two power meters with 1.5” diameter lenses to measure the power of our
laser. In order to reference the two power-meter measurements to each other, we verified the
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relative accuracy of the power meters to each other and recorded multiple measurements to
verify their measurement precision. We tested for discrepancies by removing the lenses and
measuring the same signal with both power meters independently to verify measurement
levels.
6.2.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 Two Agilent HP81689A Tunable Laser Sources
 Two Agilent 81619A Power Meters
 3 mm Collimator
 Various micrometery equipment and single mode fiber
6.2.2 Procedure
We obtained reliable results by testing each power meter independently using a direct
connection of the signal fiber to the power meter, allowing us to test the power meters
without the lenses to isolate losses in the power meters themselves.
Figure 52. Setup of power meter test with direct fiber connection to laser
source.
We implemented the following procedure on each of the power meters.
Step 1: Set Up Power Meter
We connected Power Meter 1 to the laser source directly with an optical fiber (See Figure 52).
Step 2: Set Wavelengths
We set the wavelength on the laser source to 1544.5 nm and recorded a power measurement
every 5 seconds for a duration of 50 seconds.
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Step 3: Switch Power Meters
Without turning off the laser source, we moved the fiber to P2 and recorded a power mea-
surement every 5 seconds for 50 seconds.
Step 4: Repeat with Different Wavelengths
We then repeated steps 1 - 3 with the wavelength set at 1564.5 nm.
6.2.3 Results
Figure 53. Power meter P1 and power meter P2 given the same input
signal.
TABLE 2
P1 vs. P2
P1 P2
Average: (dBm) 2.888 2.811
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6.2.4 Discussion
We demonstrated that these two power meters read power values that were relatively
close, but some bias was present. As seen in Table 2 and Equation 16 Power Meter 2 read
0.077 dB lower than Power Meter 1. It was important to recognize this deviation in the
measurements during the diffraction efficiency tests.
2.888− 2.811 = 0.077dB (16)
See Table 13 in Appendix B.1 for the complete data set.
6.3 LENS EFFICIENCY
As we continued to categorize all of the losses in the system we evaluated the lenses
that were used with the power meters. Lens losses could occur from imperfections in the
shape or material of lens or a misalignment in the lens curvatures. We paired each lens
with a power meter to ensure that throughout the remainder of the testing process each lens
stayed with the same power meter, eliminating error in measurements due to changes in lens
and power meter grouping. In this test it was important that both lenses experience similar
losses so as to equalize error and allow accurate comparative testing.
6.3.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 Two Agilent HP81689A Tunable Laser Sources
 Two Agilent 81619A Power Meters
 Two 1.5” Power Meter Lenses
 3 mm Collimator
 Various micrometery equipment and single mode fiber
6.3.2 Procedure
Step 1: Reference Measurement
We tested Power Meter 1 without the lens by positioning the 3mm collimator far enough
away from the power meter so that the lens could fit between the two (as seen in Figure 54).
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Figure 54. Power Meter Lens Test Without Lens
We set the wavelength to 1544.5 nm and recorded a measurement every 5 seconds for 50
seconds.
Step 2: Lens Measurement
We placed the lens in the system, focused the lens and realigned the power meter (as seen
in Figure 55). We recorded a measurement every 5 seconds for 50 seconds.
Figure 55. Power Meter Lens Test With Lens
Step 3: Repeat for Wavelength set to 1564.5 nm and Both Wavelengths
Combined
We repeated steps 1 and 2 with the wavelength set to 1564.5 nm and both wavelengths
together to verify that the lenses are performing similarly on both wavelengths.
6.3.3 Results
We computed the efficiency of our lenses by comparing the power meter results with
the lens to the results without the lens.
78
TABLE 3
Power Meter 1
Data Results for Lens Efficiency Testing
σ = Standard Deviation
Power Meter without Lens Power Meter with Lens Lens
Wavelength dBm mW σ power (mW) dBm mW σ power (mW)Efficiency
1544.5 -12.496 0.056 0.000191 -12.683 0.054 0.000306 95.9%
1564.5 -12.538 0.056 0.000223 -12.648 0.054 0.000282 97.5%
1544.5 and 1564.5 -9.261 0.119 0.000272 -9.379 0.115 0.000337 97.3%
TABLE 4
Power Meter 2
Data Results for Lens Efficiency Testing
σ = Standard Deviation
Power Meter without Lens Power Meter with Lens Lens
Wavelength dBm mW σ power (mW) dBm mW σ power (mW)Efficiency
1544.5 -12.381 0.058 0.000194 -12.492 0.056 0.000301 97.5%
1564.5 -12.013 0.063 0.000058 -12.177 0.061 0.000263 96.3%
1544.5 and 1564.5 -9.254 0.119 0.000277 -9.395 0.115 0.000575 96.8%
6.3.4 Discussion
These tests shows that the lenses performed similarly, both experiencing losses of
roughly 3- 5%. It was important in these tests that the lenses experienced similar losses
to normalize error in relative measurements. See Appendix B.2 for the complete data set.
6.4 FRESNEL AND MATERIAL LOSSES
The goal of this test was to determine the total amount of Fresnel and material loss
that occurs as the laser passes through each grating. In order to test the Fresnel and material
loss of the system we tested the losses of each grating independently.
6.4.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
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 Two Agilent HP81689A Tunable Laser Sources
 One Agilent 81619A Power Meters
 Two 1.5” Power Meter Lenses
 1” Collimator
 Various micrometery equipment and single mode fiber
6.4.2 Procedure
As with the last test, this test must be conducted for each wavelength independently
and for combined wavelengths.
Step 1: Reference Measurement
We began the test by taking a reference measurement of only the laser directed into the power
meter with its respective lens. We positioned the collimator in front of the power meter as
seen in Figure 56 with enough space for the diffraction grating to be placed between the
two. After making sure that the collimator and the power meter were aligned for maximum
power we recorded a measurement every 5 seconds for 50 seconds.
Figure 56. Fresnel Loss Test without Diffraction Grating
Step 2: Diffraction Grating at 0°
We positioned the grating perpendicular to the laser in between the power meter and col-
limator as seen in Figure 57. We positioned the grating so that it was not diffracting any
light, allowing us to test only the material losses of the laser passing straight through the
grating. Again, after realigning the power meter and diffraction grating for maximum power
we recorded a measurement every 5 seconds for 50 seconds.
Figure 57. Fresnel Loss Test with Diffraction Grating at 0°
Step 3: Diffraction Grating at 25°
With the diffraction gratings still positioned in nondiffracting mode, we adjusted the diffrac-
tion grating’s plane to 25°(Figure 58) from perpendicular to the laser’s direction of propa-
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gation and realigned the power meter and diffraction grating for maximum power. We had
to measure both the 0°case and the 25°case to mimic the laser entering the grating at 0°and
leaving the grating at 25°. We recorded a measurement every 5 seconds for 50 seconds.
Figure 58. Fresnel Loss Test with Diffraction Grating at 25°
Step 4: Repeat
We repeated steps 1-3 for each wavelength and with both wavelengths combined to ensure
that the grating worked efficiently at every frequency.
6.4.3 Grating A Results
For each of our tests we calculated the average power over our 10 measurements and
compared that to the base case result without the grating to calculate the material through-
put efficiency of the grating.
TABLE 5
Average Power at 1544 nm (mW)
No Grating Grating at 0 Grating at 25
Wavelength (nm) Power (mW)
Power
(mW)
σ Power
(mW)
Efficiency
Power
(mW)
σ Power
(mW)
Efficiency
1544.5 0.8667 0.8411 0.000695 97.1% 0.8533 0.000780 98.5%
1564.5 0.9408 0.9227 0.000197 98.1% 0.9230 0.000187 98.1%
1544.5 and 1564.5 1.8162 1.7776 0.000868 97.9% 1.7771 0.000707 97.9%
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6.4.4 Grating B Results
TABLE 6
Average Power at 1544nm (mW)
No Grating Grating at 0 Grating at 25
Wavelength (nm) Power (mW)
Power
(mW)
σ Power
(mW)
Efficiency
Power
(mW)
σ Power
(mW)
Efficiency
1544.5 0.8918 0.8683 0.000550 97.4% 0.8686 0.000897 97.4%
1564.5 0.9329 0.9221 0.000722 98.8% 0.9264 0.000584 99.3%
1544.5 and 1564.5 1.8421 1.8082 0.000392 98.2% 1.7657 0.000734 95.9%
6.4.5 Discussion
These tests showed that the gratings met the material and Fresnel loss requirements of
2.1% set for the manufacturer. The only efficiency value that was a lower than our expec-
tations was both wavelengths through Grating B at 25°. This exception can be explained
by measurement error but the results still fall within the error range determined by the
discrepancies in the power meters. See Appendix B.3 for the complete data set.
6.5 DIFFRACTION EFFICIENCY
This test required two power meters, one reading the undiffracted signal and the other
reading the diffracted signal. These can be seen in Figure 61 as Power Meter 1 (P1) and
Power Meter 2 (P2). Throughout this test, we recorded both power meters’ values to compare
the amount of diffracted power to undiffracted power. Section 6.2 showed that these power
meters do not precisely track each other, so we used the value found in Equation 16 to offset
P2 and account for this discrepancy.
6.5.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 Two Agilent HP81689A Tunable Laser Sources
 Two Agilent 81619A Power Meters
 Two 1.5” Power Meter Lenses
 1” Collimator
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Figure 59. Diffraction Loss
 Various micrometery equipment and single mode fiber
 A 2” variable iris
6.5.2 Procedure
Step 1: Align Power Meter 2
We aligned the diffraction grating so that it was not diffracting the incident laser and aligned
Power Meter 2 to read the maximum power of the beam as seen in Figure 60.
Figure 60. Align Power Meter 2 by maximizing the power reading in Power
Meter 2 with an undiffracted signal.
Step 2: Reference Measurement - Undiffracted Beam
We set the iris to trim the beam to 3 mm and set the wavelength to 1544.5 nm and recorded
a measurement of both P1 and P2 every 5 seconds for 50 seconds.
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Step 3: Diffraction Measurement - Diffracted Beam
We aligned the diffraction grating so that it was diffracting the incident laser, seen in Fig-
ure 61, with a maximum power reading on P1, and recorded measurements on both P1 and
P2 every 5 seconds for 50 seconds.
Figure 61. Diffraction Efficiency Test Diagram
Step 4: Repeat Across Beam Sizes
We repeated steps 1-3 again with the wavelength at 1564.5 nm and varying the iris sizes
from 3.2 mm to 24 mm in 3 mm increments.
6.5.3 Results
We computed the diffraction efficiency by comparing the power reading on Power Meter
1 to the sum of the power readings across both power meters.
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Figure 62. Diffraction Efficiency as a function of varying beam sizes across
both wavelengths and gratings. Beam diameter changed using an iris after
a 25-mm collimator.
6.5.4 Discussion
The diffraction efficiency seen in Figure 62 shows how the efficiency of the diffraction
gratings vary as a function of the diameter of the beam. There is an optimum efficiency
around 12 mm. This test was not conducted for both wavelengths of the laser source simul-
taneously because the angle of diffraction and input bias angle of each wavelength is slightly
different and the power is difficult to read when the beam is split or diffracted improperly.
See Appendix B.4 for the complete data set.
6.6 HIGH POWER DIFFRACTION EFFICIENCY
Lasercom systems sometimes require the transmission of high-power signals. Therefore,
we investigated stability of the gratings while subjected to a high-power laser beam. We
specifically desired to know if the diffraction efficiency degrades when a high-power laser
source passes through the gratings.
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6.6.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 IPG Photonics Fiber Amplifier - EAR-20-C-LP
 Two Agilent HP81689A Tunable Laser Sources
 Two Coherent LM-45 Thermal Heads
 Coherent Labmaster Ultima Mainframe with two LM-45 thermal-sensing power-meter
hears.
 1/2” High Power Collimator
 Various micrometery equipment and polarization-maintaining single mode fiber
6.6.2 Procedure
Step 1: Setup High Power Laser Source, Power Meters and Diffraction
Grating
We began this test by positioning the collimator, power meters and diffraction grating A as
seen in Figure 63.
Figure 63. High Power Test Setup.
Step 2: Align Diffraction Grating and Power Meters
Prior to operating at the test’s full power level, we set the laser source to 1 W and aligned
the diffracting grating in diffraction mode. We then aligned each of the power meters for
maximum power. The thermal nature and large active area of the power meters made
alignment less difficult than the Agilent power meters used in the other tests.
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Step 3: Measure
Once the power meters and grating were aligned we measured the power from the 1W laser
source for one hour recording a measurement every 1 second using a data logger.
Step 4: Repeat 3 for 10 W laser source
We increased the power to 10 W and repeated our measurements for one hour every second.
Step 5: Repeat 2-4 with Wavelength set to 1564.5 nm
We adjusted the laser source to a wavelength of 1564.5 and repeated steps 2-4.
Step 6: Repeat 2-5 with Grating B
We repeated steps 2-5 with Grating B to ensure quality across both diffraction gratings.
6.6.3 Results
We computed diffraction efficiency over time by comparing the power reading on high
power meter 1 to the sum of the readings across both high power meters.
87
Figure 64. 1W high power diffraction efficiency for wavelengths 1544.5 nm
and 1564.5 nm with both Grating A and Grating B
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Figure 65. 10W high power diffraction efficiency for wavelengths 1544.5
nm and 1564.5 nm with both Grating A and Grating B
6.6.4 Discussion
We noticed more signal noise with the 1 W measurement than the 10 W measurement.
The noise can be attributed to the power meters’ inability to measure lower power levels.
In both cases our efficiencies stayed very high and corresponded with the results seen in
Figure 62 for a 1/2” collimator.
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6.7 WAVEFRONT ERROR
We used a wavefront sensor to measure any wavefront irregularities in the incident
laser source. The wavefront sensor displays visually the wavefront of the beam and this
visualization can be used to align the wavefront sensor to the source.
6.7.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 Two Agilent HP81689A Tunable Laser Sources
 Two Agilent 81619A Power Meters
 Two 1.5” Power Meter Lenses
 12 mm Collimator
 Various micrometery equipment and single mode fiber
 50 mm variable iris
6.7.2 Procedure
Step 1: Reference Measurement
We verified our incident beam to ensure that the signal was being generated properly. Ideally,
the laser source would be a plane wave. We began testing the wavefront error by placing
the wavefront sensor directly in front of the collimator with the laser source wavelength set
to 1544.5 nm and measuring any wavefront errors that were induced by the collimator and
laser source. Because of the cumbersome computer interface that manages the wavefront
sensor we were only able to take a measurement every minute.
Step 2: Set up Grating
We positioned Grating A between the collimator and the wavefront sensor and made sure
that the grating was not diffracting. We collected ten measurements with the undiffracted
beam.
Step 3: Diffract Grating
Leaving the wavelength at 1544.5 nm we adjusted the grating into diffraction mode and
repositioned the wavefront sensor in front of the diffracted beam. We again measured the
wavefront error ten times.
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Step 4: Repeat Steps 1-3 with Wavelength 1564.5 nm
We repeated steps 1-3 after changing the source wavelength to 1564.5 nm.
Step 5: Repeat Steps 1-4 with Grating B
We repated steps 1-4 with Grating B.
Figure 66. Wave Front Error Test Setup
We also varied the size of the iris and discovered that the iris had a major negative
effect on wavefront error. The iris causes fringing effects on the edges of the beam that are
significantly large compared to the rest of the beam, this did not however have a noticeable
impact on our power measurements and would only impact signal quality.
6.7.3 Results
TABLE 7
Average Values for wavelength of 1544.5 nm
σ = Standard Deviation
Wavefront σ Difference from
Error (waves RMS) (waves RMS) No Grating (RMS)
No Grating 0.132 0.000422
Grating A Undiffracted 0.156 0.000471 0.083
Grating A Diffracted 0.153 0.000816 0.078
Grating B Undiffracted 0.121 0.001033 0.053
Grating B Diffracted 0.198 0.000422 0.148
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TABLE 8
Average Values for wavelength of 1564.5 nm
σ = Standard Deviation
Wavefront σ Difference from
Error (waves RMS) (waves RMS) No Grating
No Grating 0.093 0.000972
Grating A Undiffracted 0.114 0.001080 0.066
Grating A Diffracted 0.172 0.000667 0.145
Grating B Undiffracted 0.087 0.000949 0.031
Grating B Diffracted 0.179 0.001350 0.154
Figure 67. Wavefront Error: Grating A distortion on phasefront of signal
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Figure 68. Wavefront Error: Grating B distortion on phasefront of signal
6.7.4 Discussion
As seen in the Specifications for Holographic Optical Beam Steering Gratings in Ap-
pendix A, the objective RMS Wavefront Error was 0.025 waves. As seen in Table 7 and
Table 8, Grating A seemed to produce smaller wavefront error that Grating B when diffract-
ing the incident laser beam over both sources. Neither of the gratings met the objective
wavefront error maximum value of 0.025 waves.
The full elevation measurement consisted of both diffraction gratings in series diffracting
in the same direction. In the optical axis measurement we flipped the second diffraction
grating in order to redirect the signal down the original optical axis. Both of these tests
were implemented to test the total wavefront error through the system.
For this prototype, these wavefront errors should be small enough for demonstration
purposes. These wavefront errors may be reduced as the process of producing holographic
optical diffraction gratings matures.
See Appendix B.5 for the complete data set.
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6.8 POLARIZATION STATE
The polarization state and wavefront error tests were similar in process. The test setups
were similar, but the measuring device for a polarization state test is different than that of
a wavefront test. The polarization state test uses a polarimeter instead of the wave front
sensor used previously.
6.8.1 Materials
 Two 50 mm2 square OptiGrate holographic diffraction gratings
 ThorLabs PA530 Polarimeter
 Agilent Laser Source
 Optical Micrometry Mounts
 Power Meter
 2” Iris
6.8.2 Procedure
Step 1: Reference Measurement
We began by measuring the polarization state of the incident beam of collimator at 1544.nm
wavelength without the diffraction grating present. This allowed us to characterize the
polarization state of the incident beam and observe and changes caused by the diffraction
gratings.
Step 2: Undiffracted Beam Measurement
After characterizing the polarization of the incident beam, we directed the laser through the
undiffracting diffraction grating. We recorded the polarization state every 5 seconds for 50
seconds.
Step 3: Diffracted Beam Measurement
We aligned the diffraction grating in diffraction mode and recorded measurements of P2 and
the polarimeter every 5 seconds for 50 seconds.
Step 4: Repeat for Wavelength of 1564.5 nm
We repeated steps 1-3 with the wavelength set to 1564.5 nm.
During the setup of the test we also varied the size of the iris in front of the polarimeter
to confirm that it did not have any adverse effects on the polarity of the signal.
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Figure 69. Polarization State Test Setup
6.8.3 Results
TABLE 9
Wavelength: 1544.5 nm
σ = Standard Deviation
Degree of Linear Circular
Polarization σ Polarization σ Polarization σ
No Grating 99.89 0.032 99.89 0.032 0.84 0.143
A Not Diffracting 99.91 0.002 99.90 0.000 1.23 0.125
A Diffracting 100.21 0.053 100.07 0.048 5.24 0.280
B Not Diffracting 100.10 0.001 100.10 0.000 0.68 0.210
B Diffracting 100.33 0.006 100.30 0.000 2.39 0.264
Both Gratings (System) 100.13 0.041 100.10 0.042 2.38 0.181
% Change - Grating A 0.32 0.18 4.40
% Change - Grating B 0.44 0.41 1.55
% Change - System 0.23 0.21 1.54
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TABLE 10
Wavelength: 1564.5 nm
σ = Standard Deviation
Degree of Linear Circular
Polarization σ Polarization σ Polarization σ
No Grating 99.00 0.076 98.99 0.074 1.49 0.354
A Not Diffracting 98.74 0.138 98.73 0.142 1.37 0.362
A Diffracting 98.86 0.125 98.83 0.125 2.27 0.506
B Not Diffracting 98.28 0.228 98.15 0.230 5.00 0.320
B Diffracting 98.90 0.089 98.84 0.070 3.30 0.856
Both Gratings (System) 98.78 0.090 98.77 0.085 1.61 0.468
% Change - Grating A -0.14 -0.16 0.78
% Change - Grating B -0.10 -0.15 1.81
% Change - System -0.22 -0.22 0.12
6.8.4 Discussion
It can be seen in Tables 9 and 10 that the change in polarization resulting from both
gratings is on the order of 0.5% for degree of polarization and linear polarization. Circular
polarization was much less consistent with variations of up to 4.40%. The linear polarization
results were significant given that the requirement for the project is the transmission of a
linearly polarized signal. The variations in circular polarization were larger than linear, but
circular polarization has less of an impact on the functionality of the system.
It is important to see that the percent change in polarization varied in direction across
both wavelengths, as the percent change was positive for wavelength 1544.5 nm and negative
for 1564.5 nm. Both of these cases can be explained independently, if a grating is perfectly
aligned and manufactured it will only transmit linearly polarized light, thus creating a more
polarized signal. If the grating is not aligned or has imperfections in the material it will
transmit linearly polarized light as well as nonlinearly polarized light. Through both of
these tests we can see that the percent change across the gratings and across the system
is similar and is small enough that it will not have any impact on the functionality of the
system.
See Appendix B.6 for the complete data set.
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7. POINTING TESTS
In order to show that our system is steering a laser beam as desired, we had to char-
acterize and test the entire physical system for pointing precision, and beam consistency.
Beam consistency refers to the shape and power of the beam projected onto the screen in
these tests. In addition to testing the mathematical theory behind the prototype, these tests
aided in identifying performance problems. In the tests, we viewed the prototype’s pointing
through an infrared camera. The laser was projected by the HOBS prototype onto a white
surface that reflected most of the light, which was received by the infrared camera. By cre-
ating mapping functions from the beam’s location on the surface, we calculated the system’s
pointing direction.
Several key factors tested were pointing accuracy and precision, alignment of gratings
and the field of regard. Precision and accuracy were examined on a large and small angle
scale. The alignment issues were addressed by isolating the movement of one diffraction
grating at time and watching the beam’s profile. The field of regard tests addressed the
possible beam pointing angles that the HOBS prototype is capable of reaching. All of the
tests in the pointing section were performed with a laser of wavelength 1445.5 nm.
The following materials were used in each of the following tests:
 The tunable laser source, the Agilent 81689A
 The MC2000 Control Module
 Two RSA-2.0i Motorized Rotation Stages
 A computer with a serial connection
 A Newport Optical Lab Bench
 Infrared Camera with Framegrabber Software
 An Iris
7.1 CENTROID CALCULATION
In each test, the centroid of the beam was calculated and recorded. The algorithm used
to calculate the centroid is implemented in MATLAB and has two simple steps. First, all
noise data are eliminated. The image of the beam is read into MATLAB as an array. This
array has an integer value for each pixel that represents the light intensity at that point.
Higher values represent higher intensities. A histogram of the data is produced, and the
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distribution of data is analyzed. Typically, there is a bimodal distribution. One set of data
represents the background noise and the other represents the light of the beam. Typically the
noise data are small in magnitude of intensity. The noise data are discarded by eliminating
values under a threshold value and the beam is kept. After the data are cleaned, a simple
two dimensional centroid calculation is done. This centroid is then converted from the pixel
location to the system angle location as calculated by the geometries of the test.
7.2 SINGLE MOTOR DIFFRACTION SCAN TESTING
Before the entire HOBS device is assembled, the alignment of the incident laser beam
with the first diffraction grating should be tested to demonstrate any failures in this section
of the system. In this test, only the first motor and grating will be set up with the laser
source. When the alignment of these two components is finished, we will inspect the path of
the beam when the first grating is rotated and look for several sources of failure. There are
two major issues that we are especially concerned with: power fluctuations in the beam and
deformation in the shape of the beam.
7.2.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 3 millimeter aperture.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Connect the motors to the control module and connect the control module to the
computer.
5. Isolate and rotate motor one at a constant velocity. In this test, we moved the motors
each at 300 milliradians per second for 360◦.
6. Using the infrared camera, track the beam and note how the beam profile and intensity
varies with position. Save images as often as necessary. In this test, the beam was
projected onto a thin white sheet of paper that was 20 centimeters from the first motor.
The camera was positioned on the other side of the paper and aligned with the optical
axis of the system. The camera was positioned 30 centimeters from the paper.
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7.2.2 Results
Figures 70 and 71 show the results of the Single Motor Diffraction Scan Testing. Fig-
ure 71 shows the beam’s image in various positions throughout the test and Figure 70 shows
the position of the centroid of the beam through the test.
Figure 70. This plot shows the beam’s angular position against time in the
single grating diffraction scan test. The beam’s path is an azimuthal scan at
a constant velocity. As expected, the azimuth trace varies linearly through
the test and the elevation approximately stays at a fixed angle, which is the
diffraction angle of the first grating. There is some small variation in the
elevation angle over the move which is sinusoidal in nature which is likely
measurement error.
7.2.3 Discussion
In Figure 71, the intensity of the beam fluctuated as the first motor rotated. These
power drops can likely be explained by some misalignment of the grating and motor pair
to the beam’s source. The ideal alignment of the first motor is where the plane of the first
motor is perpendicular to the incident beam of the laser source and the diffraction grating
has a small input angle bias that allows proper diffraction. In this test, either the motor
may not have been perpendicular enough to the source, or the grating was tilted improperly
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Figure 71. Infrared images of the beam in various locations throughout the
single grating diffraction scan test. As seen in this figure, the intensity of
the beam seems to have various points of maxima and minima. The beam’s
shape also varies slightly and seems to shrink at times.
in the motor and was not remaining aligned correctly. The initial alignment of the HOBS
prototype is critical to the power transmission of the incident laser.
Aside from alignment issues, the elevation of the beam seems to vary slightly over the
scan. Ideally, the beam’s elevation should be fixed at the diffraction angle of the first grating,
which is 25◦. There seems to be a slight sinusoidal component to the elevation trace of the
beam. This deviation could be caused by one of several possible sources of error. In the
event that the projection screen is not perpendicular to the motor or camera, there will be
some small angular errors. In addition to general alignment issues, the lens of the camera
could have some imperfections that cause skewing of the image across the focal plane array
of the camera.
7.3 FULL SYSTEM ISOLATED MOTOR TESTING
The purpose of this test is to determine how well each motor and grating pair is aligned
and investigate any failures of the motors in combination. One motor at a time is isolated
and rotated. We examined the profile of the beam on the screen as it followed the designated
move and looked for changes in shape and power. The centroid of the beam was tracked on
the camera and the position was read in both terms of the location on the camera and the
calculated elevation and azimuth output of the system.
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7.3.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 3 millimeter aperture.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Firmly secure the second servo motor to the first motor via the motor mount. The
motor should have no freedom of movement.
5. Align the second motor to be perpendicular as possible to the diffracted beam from
the first motor and grating pair. Repeat the grating alignment process with the second
grating.
6. Connect the motors to the control module and connect the control module to the
computer.
7. Isolate and rotate motor one at a constant velocity. In this test, motor two was fixed
at 155◦ which resulted in an elevation angle of 10.5◦. Motor one was rotated from 0◦
to 360◦ at 300 milliradians per second.
8. Using the infrared camera, track the beam and note how the beam profile varies with
position. Save images as often as necessary. In this test, the beam is projected onto
a large white screen made of poster-board that is perpendicular to the optical axis of
the HOBS device. The camera was 80 centimeters away from the screen and placed as
close to the optical axis as possible next to the HOBS device.
9. Isolate and rotate motor two at a constant velocity. Repeat step 8. In this test,
motor one was fixed at 0◦ and motor two moved from 180◦ to 139◦. This movement
corresponds to an elevation change of 17◦, which was allowable by the size of the screen.
7.3.2 Motor One Results
Figures 72 and 73 show the beam’s trace through the motor one isolation test. Fig-
ures 74(a) and 74(b) demonstrate the intensity changes of the beam throughout the scan.
These results are similar to the Single Motor Diffraction Scan Testing but the beam is
diffracted through the second diffraction grating, so there are some power losses and align-
ment problems.
101
Figure 72. This figure shows the beam path of the first motor isolation test.
In this test, the second motor was fixed so that the elevation of the HOBS
prototype is at 10.5◦. The first motor was rotated one full turn and traces
this circular path.
Figure 73. This is a plot of the beam’s angular position during the motor
one isolation tests. As expected, the azimuth of the beam varies mostly lin-
early and the elevation remains mostly constant with some minor deviation.
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(a) Image showing a strong signal. The beam
has high intensity at this angular position.
(b) Image showing a weak signal. The beam
has less power than ideal at this angular posi-
tion.
Figure 74. Infrared images of the beam profile during the motor one iso-
lation test where the throughput of the system is relatively high (left) and
relatively low (right).
7.3.3 Motor Two Results
Figures 75 and 76 show the beam’s trace through the motor two isolation test. Fig-
ures 77(a) and 77(b) demonstrate the intensity changes of the beam throughout the scan.
Figure 75. This figure shows the beam path of the second motor isolation
test. In this test, the first motor is fixed and the second motor moves the
beam from the optical axis to higher elevations.
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Figure 76. This is a plot of the beam’s angular position during the motor
two isolation tests. The elevation varies mostly linearly with the second
motor’s angular position in this range, and the azimuth experiences some
non-linear angle changes, as anticipated. This movement is consistent with
the mathematics derived in the Mechanical Analysis. Note how the move-
ment in elevation is mostly linear and the movement is azimuth is not, as
described in the Beam Steering Section.
7.3.4 Discussion
This test reveals how alignment in our system varies over motor position changes in
the system as seen in changes in the beam’s shape and power. As shown from each of
the tests, the beam was well-aligned for specific motor phases but misaligned for other
phases. These alignment problems are demonstrated in Figures 74(a) and 74(b) and Fig-
ures 77(a) and 77(b). This alignment may be bettered if the first mount was redesigned
with more micrometry adjustments for orienting the angle of incident of the beam into the
second motor and better micrometery were implemented in the actual grating mounts. In
addition to demonstrating alignment issues, these tests demonstrated the natural motions
of the HOBS prototype and seemed to agree with the mathematics regarding the effects of
single motor movement.
Similarly to the last test, the elevation trace of the beam in the first motor test ex-
periences some non-ideal changes. These changes are likely due to alignment failures or
deformation in the shape of the projection screen. Another oddity in the traces is the rough-
ness of the azimuthal trace in the first test. It appears that the velocity of the azimuth
changes, but this noise is likely due to failures in the camera. The technology that handles
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(a) Image showing a strong signal. The beam
has a small profile with one single lobe of power
with some minor glinting.
(b) Image showing a beam with lower intensity.
The beam has a small profile with one single
lobe of power with some minor glinting.
Figure 77. Images of the beams movement during the motor two isolation
tests where the throughput of the system is relatively high (left) and relatively
low (right). In both images, the beam is wide, well-formed, and has minor
glinting.
recording frames from the camera is over a dozen years old and often the frame rate has a
tendency to wander from the specified 30 Hertz.
7.4 LARGE MOVEMENT POSITION PRECISION TESTING
This test demonstrates the repeatability of the system with regards to angular output
on a large scale. In this test, the system directs the laser beam from one specific point to the
next. The system repeatedly moves the laser beam back and forth between two points. This
test measures how precisely the beam steering system points to the two arbitrary points.
7.4.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 3 millimeter aperture. This
alignment can be done with an infrared camera.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
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involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Firmly secure the second servo motor to the first motor via the motor mount. The
motor should have no freedom of movement.
5. Align the second motor to be perpendicular as possible to the diffracted beam from the
first motor and grating pair. Repeat the alignment process with the second grating.
6. Connect the motors to the control module and connect the control module to the
computer.
7. Use the infrared camera to record the beam’s location and acquire data. In this test,
the camera was 80 centimeters away from the screen and placed as close to the optical
axis as possible.
8. Command the system to direct the beam to the first chosen point, which in this test
the azimuth is 0◦ and the elevation is 0◦.
9. Move the beam to the second point at a constant velocity of about 300 milliradians
per second. In this test, the second point is where the azimuth is 0◦ and the elevation
is 25◦. Wait two seconds.
10. Move the beam back to the original point at the same velocity and wait two seconds.
11. Repeat steps 9-10 five times.
7.4.2 Results
Figures 78 and 79 show the beam path of the precision test. Figure 80 shows the
sequence of images of the beam through the test.
7.4.3 Discussion
The results show that on a relatively large scale, the beam pointing direction is precise.
Because each of the points are equidistant from the center of the camera, they both have the
same angular resolution per pixel of 0.14◦. In this test, the elevation trace moves linearly
as predicted, but there are some minor deviations in the azimuth trace near the endpoints.
These movements are roughly the size of the resolution of a pixel in the angular representation
of the beam. It is likely that these changes are the result of the beam’s centroid jittering
slightly in place between two pixels. The beam’s path is reasonably straight with some minor
deviation. The deviations on this path may be caused by the change in shape of the beam
due to poor alignment as shown in Figure 80.
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Figure 78. The beam’s intensity path in the large scale precision test. The
beam’s path is mostly straight with some slight deviation.
Figure 79. The beam’s angular position in the large scale precision test.
The two points that the laser traveled between were located at pixel locations
(56,126) and (241,125), or (0◦, 0◦) and (24.99◦,−0.14◦). From the system’s
point of view, this location is 25◦ apart in elevation. The beam’s centroid
arrived at the pixel points at precisely these pixel coordinates each of the
five times.
7.5 HIGH RESOLUTION PRECISION TESTING
The purpose of this test is the same as the previous test: To determine the repeatability
of the system and to show the pointing resolution. The difference in this test from the
previous one is the distance of the camera from the screen. We commanded the system to
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Figure 80. An image of the projected beam in various positions throughout
the test. The beam changes both intensity and shape over position.
direct the laser beam from one specific point to the next. The measured results demonstrate
the repeatability of the system for small angles.
7.5.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 1.5 millimeter aperture. In this
test, the beam is also passed though a 30 dB attenuator at this frequency to reduce
the power.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Firmly secure the second servo motor to the first motor via the motor mount. The
motor should have no freedom of movement.
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5. Align the second motor to be perpendicular as possible to the diffracted beam from the
first motor and grating pair. Repeat the alignment process with the second grating.
6. Connect the motors to the control module and connect the control module to the
computer.
7. Direct the beam directly onto the focal plane of the camera so that the beam is centered
on the camera’s screen. In this case, the camera was 80 centimeters away.
8. Command the system to direct the beam to the first chosen point, which in this test
the azimuth is 0 microradians and the elevation is 0 microradians.
9. Move the beam to the second point at a constant velocity of about 300 milliradians
per second. In this test, the second point is where the azimuth is 0 microradians and
the elevation is -1700 microradians. Wait two seconds.
10. Move the beam back to the original point at the same velocity and wait two seconds.
11. Repeat steps 9-10 ten times.
7.5.2 Results
Figure 81 shows the beam path of the high precision repeatability test. Figure 82 shows
the beam’s angular position as a function of time in the high precision repeatability test.
Figure 81. The path of the beam as it traveled between the two points in the
high precision repeatability scan.
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Figure 82. The beams angular position as a function of time in the high
precision repeatability scan.
7.5.3 Discussion
In this test, the beam moved from point to point precisely. The camera’s resolution
is 360 by 240 pixels with a pixel size of 40 micrometers. The beam centroid jittered only
by one pixel at the end points. This resolution implies that the beam hit the commanded
mark within the angular resolution represented by one pixel, which corresponds to about 50
microradians. The jitter in this test is likely due to shaking of the camera or beam-steering
device as the jitter is only on the order of microradians. The beam shape changed very little
in this test, which is most likely due to the fact that the alignment changes so little over the
small angular moves.
This high resolution demonstration is important to beam-steering because in imple-
mented systems, the distances between two lasercom terminals could be on the order of
several kilometers away and small angular errors could cause complete system failure. For
example, consider a system that is one kilometer away from its receiver. A missed mark by
100 microradians corresponds to a displacement of 1 centimeter. When the beam width of
such a system is only several centimeters, these small changes could break the communication
link.
7.6 FIELD OF REGARD TEST
This test demonstrates the ability of the HOBS prototype to scan various points
throughout its field of regard. In this test, the beam scans around various elevation cir-
cles and demonstrates the range of the the prototype. Ideally, this scan should begin at the
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furthest elevation of the beam-steerer and work into the optical axis. Due to limitations
with the infrared camera’s field of regard, only a smaller subset was scanned.
7.6.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 1.5 millimeter aperture.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Firmly secure the second servo motor to the first motor via the motor mount. The
motor should have no freedom of movement.
5. Align the second motor to be perpendicular as possible to the diffracted beam from the
first motor and grating pair. Repeat the alignment process with the second grating.
6. Connect the motors to the control module and connect the control module to the
computer.
7. Use the infrared camera to record the beam’s location. In this test, the camera was 80
centimeters away from the screen and as close as possible to the optical axis.
8. Set the motors to point the beam at the outermost elevation available on the camera.
In this test, that elevation was 11◦ which corresponds to a motor two angular position
of 154◦.
9. Rotate motor one for full revolution.
10. Reduce the elevation by a set increment and fix the elevation. In this test, we incre-
mented the second motor by 2◦.
11. Repeat steps 9-10 until the beam reaches an elevation circle of 0◦ which corresponds
to motor two’s position of 180◦.
7.6.2 Results
Figure 83 and 84 shows the results of the Field of Regard Scan.
As shown in Figure 83, motor one was rotated around the full azimuth each time motor
two rotated to vary the elevation. This test steered the beam in concentric circles as shown.
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Figure 83. The path of the beam as it traveled throughout the field of regard
test. There are 8 elevation rings through the test. In spherical coordinates,
those rings are located at elevations of approximately 11◦, 9◦, 8◦, 6◦, 4◦,
3◦, 1◦ and 0◦.
Figure 84. The beam’s angular position as a function of time in the field of
regard test. In the trace, only one motor is moved at a time.
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7.6.3 Discussion
The results from this scan were informative about the capabilities and limitations of the
system. The scan showed that the system can direct the beam to nearly every point within
the field of regard except for the very center. Because the second grating has a finite distance
offset from the first, the system can direct the beam parallel to the optical axis, but not on
the optical axis itself. Therefore, as the gratings are placed closer together, the system can
direct the beam closer to the optical axis. Currently, in this scan, this spot is approximately
one centimeter in radius. This offset is not dependent on the target’s distance, and thus,
always a constant size. At large target distances, this offset becomes negligible.
If complete correction of the pointing offset were desired, one method could include
external motors that shift the entire system horizontally or vertically in the opposite direction
of the offset. Although external motors would correct the error, the entire system would need
to move. However, in most applications, because the distance between targets would be very
far away and the beam size would be larger than the offset. It is likely this small positional
shift in the beam’s origin would be negligible.
7.7 FULL ELEVATION SCAN
The purpose of this test is to prove that the system can move to the very edges of
the field of regard. This test is conducted by steering the beam from the smallest elevation,
0◦ from the optical axis, to the highest elevation, 50◦, as prescribed by the sum of the two
diffraction gratings diffraction angles.
7.7.1 Procedure
1. Firmly secure the first servo motor vertically on the optical table. The motor should
have no freedom of movement.
2. Align the first motor to be perpendicular to the incident beam from the source. In
these tests, the source was trimmed by an iris with a 1.5 mm aperture.
3. Adjust the first diffraction grating in the mount so that the beam optimally diffracts
through the entire rotation of the first grating and motor pair. This alignment may
involve visually inspecting the beam’s profile and power projected on a screen and
tuning the motor’s position to reduce variances in the power through various angles.
4. Firmly secure the second servo motor to the first motor via the motor mount. The
motor should have no freedom of movement.
5. Align the second motor to be perpendicular as possible to the diffracted beam from the
first motor and grating pair. Repeat the alignment process with the second grating.
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6. Connect the motors to the control module and connect the control module to the
computer.
7. Use the infrared camera to record the beam’s location. In this case, the camera was
one meter away and used a wide-angle lens.
8. Set the motors to point the beam to the optical axis of the HOBS device, corresponding
to an elevation and azimuth of both 0◦.
9. Direct the beam to rotate motor one by 90◦ and motor two by 180◦, thus causing the
beam to move from the center of the field of regard to the edge, which is described by
an azimuth of 0◦ and elevation of 50◦.
7.7.2 Results
Figures 85 and 86 show the beam’s path and angular position trace in the field of regard
test. Figure 87 shows the beam’s image at various positions throughout the beam’s path.
Figure 85. The path of the beam as it traveled throughout the full elevation
scan. The beam takes a curved path as the motor velocities are constant
and that is the natural motion of the HOBS device. The origin of the
scan is located at elevation point 0◦ and azimuth point 0◦. The movement
terminates at elevation point 50◦ and azimuth point 0◦. In Figure 86 the
angular values are shown.
7.7.3 Discussion
This test demonstrates how the HOBS device can successfully steer from the optical
axis to the elevation angle which is prescribed by the sum of the two diffraction gratings.
Ideally, the HOBS device can steer the beam along this path at any azimuth, allowing it to
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Figure 86. The beam’s angular position as a function of time in the full
elevation scan. The elevation varies from the optical axis, 0◦, to the edge
of the field of regard at 50◦. The azimuth varies slightly during the move
but both begins and ends in the desired azimuth of 0◦.
Figure 87. Images of the beam at various locations through the beam’s path.
The beam’s intensity and shape fluctuate through the move. There is also
some glinting in the image from reflections in the HOBS device.
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steer to any point within the cone prescribed by the limits of elevation. This test also shows
how, with constant motor velocities, the beam has a tendency to move in non-linear paths
in its pointing direction. As expected, the power of the beam varies over the test due to
alignment changes between the diffraction gratings.
7.8 CONCLUSIONS
From the results of these tests, the system has shown to be repeatable and precise. Our
geometry analysis was shown to be correct thus far, and the HOBS prototype successfully
steered a laser beam to arbitrary points. Although the gratings were not perfectly aligned,
they could successfully transmit power through most angular positions.
One major alignment issue was associated with using both wavelengths. All of the beam
steering tests were conducted with a wavelength of 1545.5 nm. During testing, the same
alignments were attempted for the other system wavelength, 1565.5 nm. The alignments
optimized for the first wavelength were not ideal for the second wavelength, so significant
power losses and beam deformations were seen. When the system was realigned for the second
wavelength, performance was comparable to the optimized first wavelength tests. This beam-
steerer does not perform well directing both wavelengths simultaneously. Figures 88 and 89
show the angular output of the centroids of the beam when the system is aligned for equal
power transmission at both wavelengths.
Figure 88. The beam’s angular position with a 1545.5 nm wavelength laser
source. The beam’s centroid is located at elevation 0µrad and azimuth
0µrad.
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Figure 89. The beam’s angular position with a 1565.5 nm wavelength laser
source. The beam’s centroid is located at elevation 175µrad and azimuth
00µrad.
In these images, it can be seen that the angle of transmission of the beam varies slightly
per wavelength. In elevation, the angular difference between the beams is 1
100
◦
, which is
discussed in the specifications sheet provided by the manufacturer.
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8. CONCLUSIONS AND POTENTIAL FUTURE WORK
The purpose of this project was to determine how effective prototype holographic optical
diffraction gratings would be if implemented in a beam-steering system. Our project plan was
to examine the physical characteristics of these gratings and demonstrate their functionality
in an elementary Holographic Optical Beam-Steering prototype. To bring our project to
fruition, we set four objectives to be met:
1. Design and construct a beam-steering system capable of three-dimensional beam point-
ing that uses a coupled pair of rotation stages and diffraction gratings.
2. Design and perform reproducible procedures for analyzing the characteristics of the
individual diffraction gratings and HOBS system.
3. Characterize the movement of the system and develop a software program and a motor
algorithm to direct the beam.
4. Keep accurate and thorough documentation and deliver a final report, presentation,
and evaluation of the HOBS system.
Over the course of the project, we addressed all of our objectives. From our results,
we were able to evaluate the performance of our prototype as a beam-steerer and determine
the strengths and limitations of the system.
Our first steps in producing the HOBS prototype were to design and fabricate two
mechanical mounts that connected the two motors and diffraction gratings. The mounts
included micrometry for finely aligning each motor orthogonally to the optical axis of the
laser, and aligning the diffraction gratings to their input bias angles. The mounts were
capable of aligning the diffraction gratings well in static situations.
However, one drawback of our system design was the inability of our mounts to align
the second motor orthogonally to the diffracted beam from the first grating at all rotation
angles of the first stage. This limitation seemed to cause fluctuations in the beam power over
different angular positions of the second motor. These power fluctuations were significant and
hindered the prototype’s ability to properly steer the beam in all possible pointing directions.
Despite the mounting alignment issues, if the second diffraction was aligned properly and
remained in a certain angular range, the power fluctuations were small and allowed us to
demonstrate beam-steering. With improvement in the mechanical design, we are confident
that these mounting alignment issues may be resolved completely.
We also encountered an alignment issue when trying to align a grating with a laser
beam of two wavelengths transmitted simultaneously. Our holographic diffraction gratings
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were blazed to operate with two wavelengths: 1545.5 nm and 1565.5 nm. When we aligned
each wavelength individually, we were able to adjust the angle of the grating to that of
the input bias angle and achieve high beam power throughput. However, the exact input
bias angle was different for the two different wavelengths. This bias difference resulted in
our inability to align the diffraction grating for concurrent high-throughput of both blazed
wavelengths. For this reason, all of the optical characterizations made for the gratings were
made for each wavelength independently.
In addition to a wavelength dependent input bias angle, our diffraction gratings have an
output diffraction angle difference of roughly 170 microradians between the different wave-
lengths. This angular difference likely makes these gratings impractical for implementation in
a practical beam-steerer. Ideally, gratings used in a beam-steering device should diffract the
blazed wavelengths at the same angle from the same input bias so that multiple wavelengths
may be transmitted or received concurrently. We believe that as the process of developing
gratings of this type matures, quality will improve and become viable for this application.
An integral section of the project was characterizing the quality of the output beam
relative to the laser source beam. We carefully designed procedures that would determine the
material and Fresnel losses, diffraction efficiency, wavefront error, and polarization changes
that occurred as a result of each diffraction grating and of our entire system. The results
from each of these tests showed that our system had low material losses and polarization
state changes for both wavelengths. The results also showed that our system was close to
reaching our requirements for wavefront error. The system proved to have high diffraction
efficiency over varying beam sizes and power levels. These results infer that the overall
quality of the system output beam is sufficiently preserved enough for diffraction gratings to
be potentially considered for use in beam-steering systems.
High quality beam-steering systems must not only preserve the characteristics of the
incident beam, but accurately and precisely steer the output over a wide field of regard. After
characterizing the geometry of the system and creating a steering algorithm, we developed a
software program that implemented this algorithm to rotate the motors and gratings to well-
defined positions and successfully steer the beam to desired angles. In order to characterize
the pointing capabilities of the prototype, we developed tests to measure the precision and
accuracy of our beam pointing system and the capability to steer within the entire theoretical
field of regard.
The results of our tests showed that our system’s beam pointing was sufficiently precise
and could steer to nearly every point within a wide field of regard. One limitation of our
system was its inability to direct the beam on the optical axis. Because the second grating
has a finite offset distance from the first, the system can direct the beam parallel to the
optical axis, but not in the axis itself. If the gratings were placed closer together, the system
could direct the beam closer to the optical axis. However, in most applications, the beam size
would be larger than this central positional offset, so it is likely this limitation is negligible.
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Our project established some of the most basic groundwork with the continued research
and development of a Holographic Optical Beam-Steering system and pointed to many ques-
tions that have yet to be answered. Our testing opened many doors for ideas about potential
future characterization of the system. Future work could include characterizing the thermal
stability of the system to determine if the diffraction angles and quality of the beam are
maintained over varying temperatures. Other endeavors could include improving upon our
mounting designs to minimize the offset of the steering system and more precisely aligning
the motors and gratings. Specifically, the relationship between misalignment and the power
loss caused as a result could be characterized. A full evaluation on this relationship might
include specifications for mechanical requirements for alignment capabilities.
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ABSTRACT
A holographic optical beam-steering (HOBS) unit using volume gratings is under in-
vestigation for use in airborne free-space laser communication (lasercom) beam-director
applications. The key performance criteria for the HOBS gratings include the ability
to produce two, closely-matched gratings that operate at normal incidence and contain
two gratings per substrate. The diffraction angles for each grating should be 25◦, and
should be identical for both gratings on each substrate. The gratings should utilize
photo-thermo-refractive glass (PTRG), and should provide high diffraction efficiency.
A.1 DOCUMENT REVISION HISTORY
TABLE 11
Document revision history
Date Version Author Changes
6-9-2009 1.0 J.M. Roth Initial release of document
6-12-2009 1.1 J.M. Roth R10 split into a best effort objective
and a less-stressing requirement; other
minor changes
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A.2 INTRODUCTION
The intended application for these gratings is as shown in Figs. 90 and 91. Each glass
substrate indicated in the drawings should contain two identical gratings, thereby allowing
two separate wavelengths to be steered. Rotation of the grating pair allows steering through
an annulus. Independent rotation of the second (right) grating then allows steering through
a solid angle field of regard. For this beam-director application, the goal is to achieve a field
of regard of ±50◦.
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Figure 90. Single-grating beam deflection application.
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Figure 91. Paired-grating beam deflection application.
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A.3 LIST OF SPECIFICATIONS
MIT LL wishes to obtain delivery time and pricing for a holographic optical beam-
steering (HOBS) unit using a pair of closely-matched, holographic volume gratings. The
specific requirements for these gratings are summarized in Table 12. Specification items
marked “R” in Table 12 reflect mandatory requirements. Items marked “O” in this specifi-
cation are objectives. The vendor would not be required to meet all objectives in the current
release. However, the objective mark indicates that the parameter is important to MIT LL
and that it may become a requirement in future releases. Any items marked “I” in this
specification provide information. This information is offered to help the vendor understand
the functionality being discussed.
Item R3 is broken down into R3a (35-mm aperture diameter) and R3b (50-mm aperture
diameter). MIT LL wishes to obtain a quotation for both aperture-size cases, with all other
specifications identical for both cases.
TABLE 12
Specifications for Holographic Optical Beam Steering Gratings
Label Attribute Condition Min. Typ. Max. Units
Optical Specifications
R1. Glass Substrate
Material
photo-thermo-refractive
glass
—
R2. Quantity of De-
vices
Each device is a sin-
gle glass substrate
with two gratings
and anti-reflection
coatings on all sur-
faces
Two —
R3.a Aperture Di-
ameter
Clear unobscured,
coated aperture di-
ameter
33 35 37 mm
R3.b Aperture Di-
ameter
Clear unobscured,
coated aperture di-
ameter
48 50 52 mm
R4. Aperture Shape square —
R5. Grating #1
Operational
Wavelength
Range
Maintain within 3-
dB of peak diffrac-
tion efficiency over
this bandwidth
1544.5 1545.0 1545.5 nm
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Table 12 Continued
Label Attribute Condition Min. Typ. Max. Units
R6. Grating #2
Operational
Wavelength
Range
Maintain within 3-
dB of peak diffrac-
tion efficiency over
this bandwidth
1564.5 1565.0 1565.5 nm
R7. Grating #1 and
#2 Incident
Angle
With respect to
grating normal or
some other fixed
axis
Normal incidence —
R8. Grating #1
and #2 Nomi-
nal Diffraction
Angle
With respect to
grating normal or
some other fixed
axis
24.997 25.0 25.003 ◦
R9. Grating
Diffraction
Mode
Transmission —
O10. Grating #1 and
#2 Tolerance
on Diffraction
Angle and
Incident Angle
About desired grat-
ing diffraction an-
gle
— — ±52
(±0.003)
µrad
(◦)
R11. Grating #1 and
#2 Tolerance
on Diffraction
Angle and
Incident Angle
About desired grat-
ing diffraction an-
gle
— — ±262
(±0.015)
µrad
(◦)
R12. Angular Accep-
tance of Grat-
ing
Maintain within 3-
dB of peak diffrac-
tion efficiency
over operational
bandwidth
Must exceed inherent
Gaussian beamwidth ( 4
pi
·
λ
D
) for input beam cases
in R3a and R3b
—
R13. Anti-Reflection
Coating Loss
Per surface, at
both operational
wavelengths
— — 0.1 %
R14. Material Losses Not including anti-
reflection-coating
losses and diffrac-
tion efficiency
— — 2 %
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Table 12 Continued
Label Attribute Condition Min. Typ. Max. Units
R15. Diffraction Effi-
ciency
Over specified
grating wavelength
bandwidths and
grating wavelength
beam-widths; in-
cludes Fresnel
losses
95 — — %
R16. Total Insertion
Loss
For diffracted
beams, at opera-
tional wavelengths
and angles
— — 1.00 dB
O17. Total RMS
Wavefront
Error
Single pass, in
transmission for
both undiffracted
and diffracted
modes, over
full clear aper-
ture, waves at
λ = 1555 nm
— — 0.025 waves
R18. Total RMS
Wavefront
Error
Single pass, in
transmission for
both undiffracted
and diffracted
modes, over
full clear aper-
ture, waves at
λ = 1555 nm
— — 0.050 waves
O19. Total P-V
Wavefront
Error
Single pass, over
full clear aper-
ture, waves at
λ = 1555 nm
— — 0.100 waves
R20. Total P-V
Wavefront
Error
Single pass, over
full clear aper-
ture, waves at
λ = 1555 nm
— — 0.200 waves
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Table 12 Continued
Label Attribute Condition Min. Typ. Max. Units
R21. Polarization-
Dependent
Loss
Over clear aper-
ture, at diffraction
angles, for all polar-
izations
— — 1.50 dB
R22. Optical Power
Handling
Optical dam-
age threshold,
continuous-wave
power levels, at
λ = 1555 nm
50 — — W/cm2
Mechanical Specifications
R23. Device Thick-
ness
Glass substrate
with written grat-
ings
— — 10 mm
Environmental Specifications
R24. PTRG Coeffi-
cient of Ther-
mal Expansion
d`/` — — 9×10−6 /◦C
R25. PTRG Re-
fractive Index
Change with
Temperature
dn/dT — — 1×10−7 /◦C
O26. Operational
Temperature
Range
— -50 — +50 ◦C
R27. Operational
Temperature
Range
— -20 — +30 ◦C
O28. Non-
operational
Temperature
Range
— -55 — +70 ◦C
O29. Humidity
Range
Operational envi-
ronment
0 — 100 %RH
O30. Operational
Atmospheric
Pressure Range
— 0.5 — 1.0 atm.
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Table 12 Continued
Label Attribute Condition Min. Typ. Max. Units
O31. Lifetime Operational en-
vironment; all
specifications
maintained
5 — — years
A.4 SUMMARY
This document summarizes specifications for gratings used in a holographic optical
beam-steering (HOBS) unit. For clarification, comments, or questions, please contact the
technical point of contact listed in the document’s header.
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B. GRATING TESTING RESULTS
This appendix section supplies the reader with the data taken for the single grating
tests in Section 6.
B.1 POWER METER TESTING RESULTS
(See Section 6.2.)
TABLE 13
Power Meter Testing
Reading P1 (dBm) P2 (dBm) P1 (mW) P2(mW)
1 2.8800 2.8090 1.9409 1.9094
2 2.8820 2.8110 1.9418 1.9103
3 2.8990 2.8110 1.9494 1.9103
4 2.8840 2.8130 1.9427 1.9112
5 2.8850 2.8080 1.9431 1.9090
6 2.8900 2.8120 1.9454 1.9107
7 2.8910 2.8110 1.9458 1.9103
8 2.8900 2.8080 1.9454 1.9090
9 2.8880 2.8120 1.9445 1.9107
10 2.8910 2.8110 1.9458 1.9103
Average: 2.8880 2.8106 1.9445 1.9101
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B.2 LENS TESTING RESULTS
(See Section 6.3.)
B.2.1 Lens A
TABLE 14
Lens A: 1544.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm mW
1 -12.400 0.0575 -12.499 0.0562
2 -12.388 0.0577 -12.471 0.0566
3 -12.373 0.0579 -12.460 0.0568
4 -12.401 0.0575 -12.479 0.0565
5 -12.367 0.0580 -12.510 0.0561
6 -12.366 0.0580 -12.475 0.0566
7 -12.387 0.0577 -12.494 0.0563
8 -12.358 0.0581 -12.541 0.0557
9 -12.384 0.0578 -12.504 0.0562
10 -12.387 0.0577 -12.490 0.0564
Average -12.381 0.0578 -12.492 0.0563
Efficiency
0.0563
0.0578
= 0.9747 = 97.47% (17)
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TABLE 15
Lens A: 1564.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm dBm
1 -12.010 0.0630 -12.174 0.0606
2 -12.009 0.0630 -12.169 0.0607
3 -12.015 0.0629 -12.175 0.0606
4 -12.009 0.0630 -12.162 0.0608
5 -12.011 0.0629 -12.177 0.0606
6 -12.008 0.0630 -12.161 0.0608
7 -12.015 0.0629 -12.153 0.0609
8 -12.011 0.0629 -12.188 0.0604
9 -12.020 0.0628 -12.201 0.0602
10 -12.017 0.0628 -12.214 0.0601
Average -12.013 0.0629 -12.177 0.0606
Efficiency
0.0606
0.0629
= 0.9628 = 96.28% (18)
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TABLE 16
Lens A: 1544.5 and 1564.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm dBm
1 -9.243 0.1190 -9.439 0.1138
2 -9.253 0.1188 -9.410 0.1146
3 -9.269 0.1183 -9.395 0.1149
4 -9.265 0.1184 -9.381 0.1153
5 -9.249 0.1189 -9.368 0.1157
6 -9.249 0.1189 -9.380 0.1153
7 -9.238 0.1192 -9.390 0.1151
8 -9.254 0.1187 -9.410 0.1146
9 -9.251 0.1188 -9.404 0.1147
10 -9.266 0.1184 -9.370 0.1156
Average -9.254 0.1187 -9.395 0.1150
Efficiency
0.1150
0.1187
= 0.9681 = 96.81% (19)
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B.2.2 Lens B
TABLE 17
Lens B: 1544.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm mW
1 -12.476 0.0565 -12.649 0.0543
2 -12.489 0.0564 -12.701 0.0537
3 -12.498 0.0563 -12.670 0.0541
4 -12.514 0.0561 -12.673 0.0540
5 -12.481 0.0565 -12.692 0.0538
6 -12.477 0.0565 -12.685 0.0539
7 -12.496 0.0563 -12.721 0.0534
8 -12.501 0.0562 -12.650 0.0543
9 -12.516 0.0560 -12.675 0.0540
10 -12.509 0.0561 -12.715 0.0535
Average -12.496 0.0563 -12.683 0.0539
Efficiency
0.0539
0.0563
= 0.9578 = 95.78% (20)
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TABLE 18
Lens B: 1564.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm mW
1 -12.535 0.0558 -12.646 0.0544
2 -12.527 0.0559 -12.632 0.0546
3 -12.547 0.0556 -12.658 0.0542
4 -12.555 0.0555 -12.664 0.0542
5 -12.508 0.0561 -12.686 0.0539
6 -12.536 0.0558 -12.637 0.0545
7 -12.514 0.0561 -12.671 0.0541
8 -12.544 0.0557 -12.648 0.0544
9 -12.562 0.0554 -12.609 0.0548
10 -12.549 0.0556 -12.630 0.0546
Average -12.538 0.0557 -12.648 0.0543
Efficiency
0.0543
0.0557
= 0.9749 = 97.49% (21)
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TABLE 19
Lens B: 1544.5 and 1564.5
Power Meter without Lens Power Meter with Lens
Reading dBm mW dBm mW
1 -9.254 0.1187 -9.368 0.1157
2 -9.258 0.1186 -9.377 0.1154
3 -9.272 0.1182 -9.367 0.1157
4 -9.254 0.1187 -9.378 0.1154
5 -9.270 0.1183 -9.386 0.1152
6 -9.267 0.1184 -9.397 0.1149
7 -9.261 0.1185 -9.377 0.1154
8 -9.255 0.1187 -9.358 0.1159
9 -9.244 0.1190 -9.397 0.1149
10 -9.276 0.1181 -9.385 0.1152
Average -9.261 0.1185 -9.379 0.1154
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B.3 FRESNEL AND MATERIAL LOSSES
(See Section 6.4.)
B.3.1 Grating A
TABLE 20
Grating A: 1544.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading P2 (mW) P2 (mW) P2 (mW)
1 0.8669 0.8404 0.8522
2 0.8666 0.8416 0.8524
3 0.8670 0.8412 0.8530
4 0.8652 0.8420 0.8531
5 0.8663 0.8413 0.8530
6 0.8676 0.8399 0.8538
7 0.8665 0.8404 0.8532
8 0.8673 0.8410 0.8530
9 0.8670 0.8411 0.8546
10 0.8662 0.8420 0.8544
Average 0.8667 0.8411 0.8533
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TABLE 21
Grating A: 1564.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading P2 (mW) P2 (mW) P2 (mW)
1 0.9414 0.9225 0.9228
2 0.9406 0.9227 0.9227
3 0.9405 0.9223 0.9228
4 0.9408 0.9227 0.9229
5 0.9404 0.9229 0.9231
6 0.9408 0.9228 0.9233
7 0.9410 0.9227 0.9232
8 0.9406 0.9230 0.9230
9 0.9412 0.9228 0.9230
10 0.9406 0.9227 0.9230
Average 0.9408 0.9227 0.9230
TABLE 22
Grating A: 1544.5 nm and 1564.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading P2 (mW) P2 (mW) P2 (mW)
1 1.8158 1.7769 1.7782
2 1.8163 1.7768 1.7781
3 1.8156 1.7776 1.7774
4 1.8158 1.7782 1.7769
5 1.8169 1.7781 1.7778
6 1.8164 1.7790 1.7770
7 1.8163 1.7781 1.7763
8 1.8158 1.7778 1.7769
9 1.8162 1.7771 1.7763
10 1.8164 1.7760 1.7765
Average 1.8162 1.7776 1.7771
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B.3.2 Grating B
TABLE 23
Grating B: 1544.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading Power (mW) Power (mW) Power (mW)
1 0.8915 0.8690 0.8685
2 0.8926 0.8681 0.8675
3 0.8924 0.8686 0.8668
4 0.8916 0.8681 0.8696
5 0.8911 0.8677 0.8685
6 0.8922 0.8675 0.8685
7 0.8920 0.8684 0.8691
8 0.8901 0.8690 0.8690
9 0.8919 0.8680 0.8692
10 0.8921 0.8690 0.8696
Average 0.8918 0.8683 0.8686
TABLE 24
Grating B: 1564.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading Power (mW) Power (mW) Power (mW)
0 0.9327 0.9222 0.9248
1 0.9330 0.9221 0.9252
2 0.9323 0.9215 0.9255
3 0.9322 0.9217 0.9259
4 0.9317 0.9215 0.9255
5 0.9323 0.9216 0.9263
6 0.9328 0.9211 0.9253
7 0.9331 0.9217 0.9257
8 0.9330 0.9231 0.9264
9 0.9342 0.9233 0.9266
10 0.9346 0.9228 0.9264
Average 0.9329 0.9221 0.9258
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TABLE 25
Grating B: 1544.5 nm and 1564.5 nm
Without Grating Grating at 0◦ Grating at 25◦
Reading Power (mW) Power (mW) Power (mW)
1 1.8399 1.8085 1.7675
2 1.8405 1.8080 1.7661
3 1.8420 1.8092 1.7650
4 1.8423 1.8079 1.7656
5 1.8417 1.8080 1.7650
6 1.8430 1.8080 1.7651
7 1.8423 1.8081 1.7657
8 1.8428 1.8080 1.7658
9 1.8428 1.8084 1.7660
10 1.8433 1.8082 1.7656
Average 1.8421 1.8082 1.7657
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B.4 DIFFRACTION EFFICIENCY
(See Section 6.5.)
B.4.1 Grating A
TABLE 26
Grating A: 1544.5 nm
Grating Undiffracted Grating Diffracting
Reading P1 (nW) P2 (mW) P1 (mW) P2 (µW)
1 159.21 0.8487 0.6688 181.40
2 160.20 0.8471 0.6670 181.99
3 159.64 0.8492 0.6672 181.29
4 159.49 0.8484 0.6675 181.79
5 158.30 0.8484 0.6676 181.40
6 158.65 0.8470 0.6672 181.85
7 158.63 0.8470 0.6678 181.64
8 158.85 0.8462 0.6683 181.32
9 158.23 0.8480 0.6671 181.63
10 158.19 0.8465 0.6669 181.85
Average 158.94 0.8477 0.6675 181.62
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TABLE 27
Grating A: 1564.5 nm
Grating Undiffracted Grating Diffracting
Reading P1 (µW) P2 (mW) P1 (mW) P2 (µW)
1 0.1468 0.9227 0.7403 185.93
2 0.1466 0.9222 0.7399 185.50
3 0.1467 0.9219 0.7398 185.34
4 0.1464 0.9210 0.7409 185.52
5 0.1465 0.9201 0.7405 185.65
6 0.1468 0.9195 0.7404 185.33
7 0.1463 0.9199 0.7403 185.55
8 0.1466 0.9193 0.7401 184.69
9 0.1465 0.9205 0.7400 185.28
10 0.1466 0.9214 0.7405 185.12
Average 0.1466 0.9209 0.7403 185.39
B.4.2 Grating B
TABLE 28
Grating B: 1544.5 nm
Grating Undiffracted Grating Diffracting
Reading P1 (µW) P2 (mW) P1 (mW) P2 (µW)
1 0.3428 0.8649 0.6950 169.50
2 0.3425 0.8657 0.6949 169.28
3 0.3436 0.8671 0.6945 169.53
4 0.3442 0.8653 0.6955 169.20
5 0.3448 0.8665 0.6940 169.36
6 0.3441 0.8668 0.6945 169.46
7 0.3442 0.8652 0.6947 169.16
8 0.3439 0.8659 0.6942 169.50
9 0.3434 0.8656 0.6954 169.97
10 0.3428 0.8648 0.6954 169.78
Average 0.3436 0.8658 0.6948 169.47
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TABLE 29
Grating B: 1564.5 nm
Grating Undiffracted Grating Diffracting
Reading P1 (µW) P2 (mW) P1 (mW) P2 (µW)
1 3.650 0.9230 0.7635 162.70
2 3.641 0.9220 0.7632 162.69
3 3.636 0.9220 0.7632 162.66
4 3.637 0.9218 0.7631 162.63
5 3.638 0.9218 0.7628 162.60
6 3.638 0.9215 0.7628 162.62
7 3.635 0.9215 0.7626 162.52
8 3.635 0.9210 0.7623 162.60
9 3.639 0.9211 0.7620 162.50
10 3.635 0.9212 0.7620 162.76
Average 3.638 0.9217 0.7628 162.63
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B.5 WAVE FRONT ERROR
(See Section 6.7.)
B.5.1 Wavelength: 1544.5 nm
Figure 92. Wavefront Error: Signal without Grating
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Not Diffracting Signal
Figure 93. Wavefront Error: Grating B distortion on phasefront of signal
in nondiffraction mode
Figure 94. Wavefront Error: Grating A distortion on phasefront of signal
in nondiffraction mode
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Diffracting Signal
Figure 95. Wavefront Error: Grating B distortion on phasefront of signal
in diffraction mode
Figure 96. Wavefront Error: Grating A distortion on phasefront of signal
in diffraction mode
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B.5.2 Wavelength: 1564.5 nm
Figure 97. Wavefront Error: Signal without Grating
Not Diffracting Signal
Figure 98. Wavefront Error: Grating B distortion on phasefront of signal
in nondiffraction mode
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Figure 99. Wavefront Error: Grating A distortion on phasefront of signal
in nondiffraction mode
Diffracting Signal
Figure 100. Wavefront Error: Grating B distortion on phasefront of signal
in diffraction mode
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Figure 101. Wavefront Error: Grating A distortion on phasefront of signal
in diffraction mode
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B.6 POLARIZATION STATE
(See Section 6.8.)
B.6.1 No Grating
Wavelength S1 S2 S3 DP LP CP
1544.5 nm 0.184 0.976 0.058 99.5 99.3 5.8
0.188 0.975 0.059 99.4 99.3 6.4
0.193 0.973 0.067 99.5 99.1 6.8
0.198 0.971 0.070 99.5 99.2 7.1
0.200 0.970 0.071 99.5 99.2 7.4
0.204 0.970 0.076 99.5 99.1 7.7
0.210 0.968 0.077 99.5 99.1 7.8
0.213 0.968 0.080 99.5 99.2 8.1
0.215 0.968 0.082 99.5 99.1 8.3
0.222 0.965 0.083 99.5 99.1 8.2
Average 0.203 0.970 0.072 99.490 99.170 7.360
1564.5 nm -0.323 -0.920 0.008 97.5 97.5 1.0
-0.323 -0.920 0.009 97.5 97.5 0.9
-0.324 -0.919 0.008 97.5 97.5 0.8
-0.325 -0.919 0.010 97.5 97.5 1.2
-0.325 -0.919 0.011 97.5 97.5 1.1
-0.322 -0.920 0.013 97.5 97.5 1.6
-0.320 -0.920 0.018 97.5 97.5 1.9
-0.321 -0.920 0.020 97.5 97.5 2.3
-0.318 -0.918 0.028 97.5 97.4 3.0
-0.316 -0.922 0.030 97.5 97.4 3.3
Average -0.322 -0.920 0.016 97.500 97.480 1.710
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B.6.2 Grating A - Not Diffracting
Wavelength S1 S2 S3 DP LP CP
1544.5 nm 0.290 0.950 0.049 99.6 99.4 4.7
0.229 0.950 0.049 99.5 99.4 5.0
0.289 0.950 0.048 99.5 99.3 5.0
0.286 0.952 0.054 99.5 99.3 5.6
0.282 0.952 0.053 99.5 99.3 5.6
0.280 0.953 0.061 99.5 99.2 6.5
0.275 0.954 0.067 99.5 99.2 6.8
0.270 0.954 0.066 99.5 99.3 6.5
0.271 0.955 0.062 99.5 99.3 6.2
0.275 0.954 0.058 99.4 99.3 5.7
Average 0.275 0.952 0.057 99.500 99.300 5.760
1564.5 nm -0.287 -0.928 0.073 97.4 97.1 7.2
-0.289 -0.927 0.069 97.4 97.1 7.0
-0.287 -0.928 0.071 97.4 97.1 7.2
-0.286 -0.928 0.075 97.4 97.1 7.6
-0.285 -0.928 0.075 97.4 97.1 7.3
-0.291 -0.927 0.077 97.4 97.1 7.5
-0.297 -0.925 0.070 97.4 97.2 6.8
-0.302 -0.924 0.069 97.4 97.2 7.1
-0.302 -0.924 0.072 97.4 97.2 6.9
-0.300 -0.924 0.067 97.4 97.2 6.3
Average -0.293 -0.926 0.072 97.400 97.140 7.090
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B.6.3 Grating A - Diffracting
Wavelength S1 S2 S3 DP LP CP
1544.5 nm 0.290 0.950 0.049 99.6 99.4 4.7
0.229 0.950 0.049 99.5 99.4 5.0
0.289 0.950 0.048 99.5 99.3 5.0
0.286 0.952 0.054 99.5 99.3 5.6
0.282 0.952 0.053 99.5 99.3 5.6
0.280 0.953 0.061 99.5 99.2 6.5
0.275 0.954 0.067 99.5 99.2 6.8
0.270 0.954 0.066 99.5 99.3 6.5
0.271 0.955 0.062 99.5 99.3 6.2
0.275 0.954 0.058 99.4 99.3 5.7
Average 0.275 0.952 0.057 99.500 99.300 5.760
1564.5 nm -0.287 -0.928 0.073 97.4 97.1 7.2
-0.289 -0.927 0.069 97.4 97.1 7.0
-0.287 -0.928 0.071 97.4 97.1 7.2
-0.286 -0.928 0.075 97.4 97.1 7.6
-0.285 -0.928 0.075 97.4 97.1 7.3
-0.291 -0.927 0.077 97.4 97.1 7.5
-0.297 -0.925 0.070 97.4 97.2 6.8
-0.302 -0.924 0.069 97.4 97.2 7.1
-0.302 -0.924 0.072 97.4 97.2 6.9
-0.300 -0.924 0.067 97.4 97.2 6.3
Average -0.293 -0.926 0.072 97.400 97.140 7.090
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B.6.4 Grating B - Not Diffracting
Wavelength S1 S2 S3 DP LP CP
1544.5 nm 0.250 0.960 0.054 99.6 99.6 5.3
0.255 0.962 0.054 99.7 99.6 5.4
0.250 0.963 0.054 99.6 99.5 5.4
0.251 0.962 0.053 99.6 99.4 5.5
0.250 0.962 0.056 99.7 99.4 5.6
0.250 0.962 0.056 99.6 99.3 5.4
0.249 0.962 0.053 99.6 99.3 5.2
0.248 0.963 0.051 99.6 99.5 5.1
0.247 0.963 0.052 99.6 99.6 5.1
0.250 0.963 0.049 99.5 99.4 4.9
Average 0.250 0.962 0.053 99.610 99.460 5.290
1564.5 nm -0.368 -0.903 -0.023 97.6 97.6 -1.4
-0.366 -0.904 -0.011 97.6 97.6 -1.3
-0.367 -0.904 -0.014 97.6 97.6 -1.5
-0.367 -0.904 -0.015 97.6 97.6 -0.4
-0.365 -0.905 0.005 97.6 97.6 0.3
-0.366 -0.905 0.001 97.6 97.6 -0.7
-0.368 -0.904 -0.014 97.6 97.6 -2.1
-0.367 -0.904 -0.021 97.6 97.2 -2.1
-0.368 -0.903 -0.027 97.6 97.6 -3.0
-0.368 -0.903 -0.034 97.6 97.5 -3.5
Average -0.367 -0.904 -0.015 97.600 97.550 -1.570
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B.6.5 Grating B - Diffracting
Wavelength S1 S2 S3 DP LP CP P2(W)
1544.5 nm 0.243 0.961 0.057 99.3 99.2 5.6 132.30
0.250 0.960 0.054 99.4 99.2 5.5 132.52
0.250 0.960 0.055 99.4 99.2 5.4 132.30
0.249 0.960 0.054 99.4 99.2 5.4 132.45
0.250 0.960 0.053 99.4 99.1 5.3 132.27
0.252 0.959 0.052 99.3 99.2 5.1 132.42
0.254 0.960 0.051 99.3 99.3 5.0 132.32
0.255 0.960 0.050 99.3 99.2 5.0 132.37
0.253 0.959 0.052 99.4 99.2 5.1 132.05
0.251 0.960 0.051 99.3 99.3 5.0 132.10
Average 0.251 0.960 0.053 99.350 99.210 5.240 132.310
1564.5 nm -0.279 -0.928 0.990 97.5 97.0 9.7 134.36
-0.290 -0.926 0.930 97.5 97.1 9.0 134.35
-0.294 -0.925 0.910 97.5 97.0 9.4 134.64
-0.273 -0.930 0.980 97.4 97.0 9.7 134.34
-0.267 -0.932 0.105 97.4 96.8 10.6 134.40
-0.252 -0.935 0.108 97.4 96.8 10.9 134.38
-0.237 -0.938 0.108 97.4 96.8 10.8 134.38
-0.230 -0.940 0.107 97.4 96.7 10.5 134.38
-0.198 -0.947 0.103 97.3 96.8 9.9 134.54
-0.185 -0.949 0.107 97.3 96.7 11.0 134.25
Average -0.251 -0.935 0.445 97.410 96.870 10.150 134.402
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C. MATH APPENDIX
This appendix section gives the derivation for the transform matrix used in Section 4.4.3.
It also gives a substitution table to simplify the derivation.
C.1 SUBSTITUTION TABLE
Table 30 is a list of substitutions that will be used to enhance readability of the equa-
tions, which may not fit on one page when fully written.
A = cos(δ1) B = sin(δ1) C = cos(δ2) D = sin(δ2)
E = cos(Φ1) F = sin(Φ1) G = cos(Φ2) H = sin(Φ2)
TABLE 30
Substitution Table
157
C.2 SHOWING MATRIX AND INVERSE
This equation shows how the transform matrix and the inverse derived for the HOBS
system multiply to yield an identity matrix. See Section 4.4.3 for the transform matrix.
 cos(δ) cos(Φ) cos(δ) sin(Φ) − sin(δ)− sin(Φ) cos(Φ) 0
sin(δ) cos(Φ) sin(δ) sin(Φ) cos(δ)
 cos(δ) cos(Φ) − sin(Φ) sin(δ) cos(Φ)cos(δ) sin(Φ) cos(Φ) sin(δ) sin(Φ)
− sin(δ) 0 cos(δ)
 =
 AC AD −B−D C 0
BC BD A
 AC −D BCAD C BD
−B 0 A
 =
 A2C2 +A2D2 +B2 ACD −ACD ABC2 +ABD2 −ABACD −ACD C2 +D2 BCD −BCD
ABC2 +ABD2 −AB BCD −BCD B2C2 +B2D2 +A2
 =
 A2(C2 +D2) +B2 0 AB(C2 +D2)−AB0 1 0
AB(C2 +D2)−AB 0 B2(C2 +D2) +A2
 =
 A2 +B2 0 AB −AB0 1 0
AB −AB 0 A2 +B2
 =
 1 0 00 1 0
0 0 1

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C.3 VECTOR MAGNITUDE
This appendix section further defines the vector defined as the diffracted beam of a
single diffraction grating rotated by a rotational motor. The vector as well as the partial
derivatives with respect to the motor phase angles are defined. (See Section 4.4.2.)
C.3.1 Vector magnitude in self coordinate system
We show that the magnitude of the vector, ~V , is the prescribed length, `.
~V =
[
VXVY VZ
]
=
 ` sin(δ2) cos(Φ2)` sin(δ2) sin(Φ2)
` cos(δ2)

The magnitude of a vector is found:∣∣∣~V ∣∣∣ = √VX2 + VY 2 + VZ2
=
√
(` sin(δ2) cos(Φ2))2 + (` sin(δ2) sin(Φ2))2 + (` cos(δ2))2
=
√
`2 sin2(δ2) cos2(Φ2) + `2 sin
2(δ2) sin
2(Φ2) + `2 cos2(δ2)
=
√
`2 sin2(δ2)(cos2(Φ2) + sin
2(Φ2)) + `2 cos2(δ2)
=
√
`2 sin2(δ2) + `2 cos2(δ2)
= `
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Demonstrating the vector’s preservation during transformation By this same
token, the vector may be mapped back into the R3 domain from the R
′
3 domain. Note that
substitutions of functions will be made to ensure that all the math can fit on one page.
~V = [ ~V ′][T ] =
 V ′XV ′Y
V ′Z
 cos(δ) cos(Φ) cos(δ) sin(Φ) − sin(δ)− sin(Φ) cos(Φ) 0
sin(δ) cos(Φ) sin(δ) sin(Φ) cos(δ)

~V =
 VXVY
VZ
 =
 ` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1)` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1)
−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1)

~V =
 xy
z
 =
 `ADEG− `DFH + `BCE`ADFG+ `DEH + `BCF
−`BDG+ `AC

The magnitude is again calculated using algebra:∣∣∣~V ∣∣∣ = √x2 + y2 + z2
=
√
(`ADEG− `DFH + `BCE)2 + (`ADFG+ `DEH + `BCF )2 + (−`BDG+ `AC)2
=
√√√√√ `2A2D2E2G2 − 2`2AD2EFGH + 2`2ABCDE2G+ `2D2F 2H2 − 2`2BCDEFH + `2B2C2E2+`2A2D2F 2G2 + 2`2AD2EFGH + 2`2ABCDF 2G+ `2D2E2H2 + 2`2BCDEFH + `2B2C2F 2+
`2B2D2G2 − 2`2ABCDG+ `2A2C2
=
√√√√√ `2lA2D2G2 + 2`2ABCDE2G+ `2D2F 2H2 + `2B2C2E2+`2lA2F 2G2 + 2`2ABCDF 2G+ `2D2E2H2 + `2B2C2F 2+
`2B2D2G2 − 2`2ABCDG+ `2A2C2
=
√
`2lA2D2(E2 + F 2)G2 + 2`2ABCD(E2 + F 2)G+ `2D2(E2 + F 2)H2 + `2B2C2(E2 + F 2)+
`2B2D2G2 − 2`2ABCDG+ `2A2C2
=
√
`2lA2D2G2 + 2`2ABCDG+ `2D2H2 + `2B2C2 + `2B2D2G2 − 2`2ABCDG+ `2A2C2
=
√
`2lA2D2G2 + `2D2H2 + `2B2C2 + `2B2D2G2 + `2A2C2
=
√
`2lD2G2(A2 +B2) + `2D2H2 + `2C2(A2 +B2)
=
√
`2lD2G2 + `2D2H2 + `2C2
=
√
`2lD2(G2 +H2) + `2C2
=
√
`2lD2 + `2C2
= `
Length preservation is shown; also the magnitude of the vector, |~V | , will be useful in later
equations.
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C.4 PARTIAL DERIVATIVES OF THE VECTOR’S COMPONENTS
Next, we examine the partial derivatives of each component of the vector. We will find
the following: ∂VX
∂Φ1
, ∂VX
∂Φ2
, ∂VY
∂Φ1
, ∂VY
∂Φ2
, ∂VZ
∂Φ1
and ∂VZ
∂Φ2
.
C.4.1 Finding ∂VX
∂Φ1
:
VX(Φ1,Φ2, δ1, δ2, `) = ` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1)
∂VX(Φ1,Φ2, δ1, δ2, `)
∂Φ1
=
∂
∂Φ1
(` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1))
= −` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1)− ` sin(δ2) sin(Φ2) cos(Φ1)− ` cos(δ2) sin(δ1) sin(Φ1)
= −(` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1))
= −VY (Φ1,Φ2, δ1, δ2, `) = −(`ADFG+ `DEH + `BCF )
C.4.2 Finding ∂VY
∂Φ1
:
VY = (Φ1,Φ2, δ1, δ2, `) = ` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1)
∂VY (Φ1,Φ2, δ1, δ2, `)
∂Φ1
=
∂
∂Φ1
(` sin(δ2)cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1))
= ` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1)
= VX(Φ1,Φ2, δ1, δ2, `) = `ADEG− `DFH + `BCE
C.4.3 Finding ∂VZ
∂Φ1
:
VZ(Φ1,Φ2, δ1, δ2, `) = −` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1)
∂VZ(Φ1,Φ2, δ1, δ2, `)
∂Φ1
=
∂
∂Φ1
(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
= 0
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C.4.4 Finding ∂VX
∂Φ2
:
VX(Φ1,Φ2, δ1, δ2, `) = ` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1)
∂VX(Φ1,Φ2, δ1, δ2, `)
∂Φ2
=
∂
∂Φ2
(` sin(δ2) cos(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) sin(Φ2) sin(Φ1) + ` cos(δ2) sin(δ1) cos(Φ1))
= −` sin(δ2) sin(Φ2) cos(δ1) cos(Φ1)− ` sin(δ2) cos(Φ2) sin(Φ1) = −`ADEH − `DFG
C.4.5 Finding ∂VY
∂Φ2
:
VY (Φ1,Φ2, δ1, δ2, `) = ` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1)
∂VY (Φ1,Φ2, δ1, δ2, `)
∂Φ2
=
∂
∂Φ2
(` sin(δ2) cos(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) sin(Φ2) cos(Φ1) + ` cos(δ2) sin(δ1) sin(Φ1))
= −` sin(δ2) sin(Φ2) cos(δ1) sin(Φ1) + ` sin(δ2) cos(Φ2) cos(Φ1) = −`ADFH + `DEG
C.4.6 Finding ∂VZ
∂Φ2
:
VZ(Φ1,Φ2, δ1, δ2, `) = −` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1)
∂VZ(Φ1,Φ2, δ1, δ2, `)
∂Φ2
=
∂
∂Φ2
(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
= ` sin(Φ2) sin(δ2) sin(δ1) = `BDH
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C.5 QUANTIFYING THE SYSTEM BEAM DIRECTION
(See Section 4.4.4.)
C.5.1 Viewing the System Azimuth Output, φ
Showing the system azimuth output:
φ = ± arctan
(
VY (Φ1,Φ2, δ1, δ2, `)
VX(Φ1,Φ2, δ1, δ2, `)
)
C.5.2 Viewing the System Elevation Output, θ
Showing the system elevation output:
θ = ± arccos
(
VZ(Φ1,Φ2, δ1, δ2, `)√
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `) + VZ
2(Φ1,Φ2, δ1, δ2, `)
)
θ = ± arccos
(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1)
`
)
θ = ± arccos(cos(δ2) cos(δ1)− sin(δ1) sin(δ2) cos(Φ2))
C.6 WORKING BACKWARD
Showing the second motor angular position as a function of the desired elevation:
θ = ± arccos
 VZ(Φ1,Φ2, δ1, δ2, `)√
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `) + VZ
2(Φ1,Φ2, δ1, δ2, `)

cos(θ) =
VZ(Φ1,Φ2, δ1, δ2, `)√
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `) + VZ
2(Φ1,Φ2, δ1, δ2, `)
cos(θ) =
−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1)
`
cos(θ) = − sin(δ2) cos(Φ2) sin(δ1) + cos(δ2) cos(δ1)
cos(θ)− cos(δ2) cos(δ1) = − sin(δ2) cos(Φ2) sin(δ1)
cos(Φ2) =
cos(δ2) cos(δ1)− cos(θ)
sin(δ2) sin(δ1)
Φ2 = ± arccos
(
cos(δ2) cos(δ1)− cos(θ)
sin(δ2) sin(δ1)
)
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C.7 PARTIAL DERIVATIVES OF THE SYSTEM
(See Sections 4.5 and4.6.) Next, we the find the partial derivatives of all system outputs
per the system variables. We will find ∂θ
∂Φ1
, ∂θ
∂Φ2
, ∂φ
∂Φ1
and ∂φ
∂Φ2
:
C.7.1 Finding ∂θ
∂Φ1
:
θ = ± arccos
(
VZ(Φ1,Φ2, δ1, δ2, `)√
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `) + VZ
2(Φ1,Φ2, δ1, δ2, `)
)
θ = ± arccos(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
∂θ
∂Φ1
=
∂
∂Φ1
± arccos(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
= 0
Because: d
dx
arctanx = −1√
1−x2dx and
∂z
∂Φ1
= 0.
C.7.2 Finding ∂θ
∂Φ2
:
θ = ± arccos
(
VZ(Φ1,Φ2, δ1, δ2, `)√
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `) + VZ
2(Φ1,Φ2, δ1, δ2, `)
)
θ = ± arccos(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
∂θ
∂Φ2
=
∂
∂Φ2
± arccos(−` sin(δ2) cos(Φ2) sin(δ1) + ` cos(δ2) cos(δ1))
= ± − sin(Φ2) sin(δ2) sin(δ1)√
1− (cos(δ2) cos(δ1)− sin(δ2) sin(δ1) cos(Φ2))2
Because: d
dx
arctanx = −1√
1−x2dx and
∂z
∂Φ1
= sin(Φ2) sin(δ2) sin(δ1).
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C.7.3 Finding ∂φ
∂Φ1
:
φ = ± arctan
(
VY (Φ1,Φ2, δ1, δ2, `)
VX(Φ1,Φ2, δ1, δ2, `)
)
∂φ
∂Φ1
=
∂
∂Φ1
± arctan
(
VY (Φ1,Φ2, δ1, δ2, `)
VX(Φ1,Φ2, δ1, δ2, `)
)
=
1
1 + VY
2(Φ1,Φ2,δ1,δ2,`)
VX2(Φ1,Φ2,δ1,δ2,`)
VX(Φ1,Φ2, δ1, δ2, `)
∂
∂Φ1
VY (Φ1,Φ2, δ1, δ2, `)− VY (Φ1,Φ2, δ1, δ2, `) ∂∂Φ1VX(Φ1,Φ2, δ1, δ2, `)
VX
2(Φ1,Φ2, δ1, δ2, `)
=
1
1 + VY
2(Φ1,Φ2,δ1,δ2,`)
VX2(Φ1,Φ2,δ1,δ2,`)
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `)
VX
2(Φ1,Φ2, δ1, δ2, `)
=
1
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `)
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `)
1
= 1
Because: d
dx
arctanx = −1√
1−x2dx ,
∂VX(Φ1,Φ2,δ1,δ2,`)
∂Φ1
= −VY (Φ1,Φ2, δ1, δ2, `) and ∂VY (Φ1,Φ2,δ1,δ2,`)∂Φ1 =
VX(Φ1,Φ2, δ1, δ2, `).
165
C.7.4 Finding ∂φ
∂Φ2
:
φ = ± arctan
(
VY (Φ1,Φ2, δ1, δ2, `)
VX(Φ1,Φ2, δ1, δ2, `)
)
∂φ
∂Φ2
=
∂
∂Φ2
± arctan
(
VY (Φ1,Φ2, δ1, δ2, `)
VX(Φ1,Φ2, δ1, δ2, `)
)
=
1
1 + VY
2(Φ1,Φ2,δ1,δ2,`)
VX2(Φ1,Φ2,δ1,δ2,`)
VX(Φ1,Φ2, δ1, δ2, `)
∂
∂Φ2
VY (Φ1,Φ2, δ1, δ2, `)− VY (Φ1,Φ2, δ1, δ2, `) ∂∂Φ2VX(Φ1,Φ2, δ1, δ2, `)
VX
2(Φ1,Φ2, δ1, δ2, `)
=
(VX(Φ1,Φ2, δ1, δ2, `)
∂
∂Φ2
VY (Φ1,Φ2, δ1, δ2, `)− VY (Φ1,Φ2, δ1, δ2, `) ∂∂Φ2VX(Φ1,Φ2, δ1, δ2, `))
VX
2(Φ1,Φ2, δ1, δ2, `) + VY
2(Φ1,Φ2, δ1, δ2, `)
=
((`ADEG− `DFH + `BCE)(`DEG− `ADFH) + (`ADFG+ `DEH + `DFG)(`ADEH + `DFG))
((`ADEG− `DFH + `BCE)2 + (`ADFG+ `DEH`BCF )2)
=
[ −`2A2D2EFGH + `2AD2E2G2 + `2AD2F 2H2 − `2D2EFGH − `2ABCDEF + `2BCDE2G
+`2A2D2EFGH + `2AD2F 2G2 + `2AD2E2H2 + `2D2EFGH + `2ABCDEF + `2BCDF 2G
]
[
`2A2D2E2G2 − 2`2AD2EFGH + `2ABCDE2G+ `2D2F 2H2 − 2`2BCDEFH + `2B2C2E2
`2A2D2F 2G2 + 2`2AD2EFGH + `2ABCDF 2G+ `2D2E2H2 + 2`2BCDEFH + `2B2C2F 2
]
=
cos(δ1) sin
2(δ2) + sin(δ1) cos(δ2) sin(δ2) cos(Φ2)
cos2(δ1) sin
2(δ2) cos2(Φ2) + 2 cos(δ1) sin(δ1) cos(δ2) sin(δ2) cos(Φ2) + sin
2(δ2) sin
2(Φ2) + sin
2(δ1) cos2(δ2)
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D. INDIVIDUAL MOTOR TESTING
The MC2000 is our controller mainframe that handles driving the motors. It handles
acceleration control, servoing the motors to a desired position, and all of the necessary
feedback and calculations. The user sends commands via RS232 to the mainframe for desired
behavior. Several key behaviors are critical to the functionality of the system: how precisely
the motors can servo to a desired angular position, at what speeds the motors may be
commanded to move at, and at what angular accelerations the motors may be accelerated.
These behaviors should be identified in the two cases: where there is little impedance to
the motors’ angular momentum and where there is an appreciable impedance to the motors.
This impedance will be modeled by using the motors with no attachments and with heavy
masses. These tests were performed the characterize the motor’s performance.
The position command sets a position goal for the desired motor to reach. This position
value described the number of ticks on the rotation stage encoders. In the case of the RSA-
2.0i, there are 6,994,345 ticks per revolution. The motor may be commanded to a 32-bit
signed integer representation in ticks. This corresponds to roughly three hundred rotations
in either the positive or negative angular orientation.
The velocity move parameter determines at which angular velocity the motors spin.
According the the manufacturer, the maximum velocity of the RSA-2.0i stages is around
3 rotations per minute. From very course testing, we found that the motors rotate at this
speed at a commanded velocity of roughly 12000. This commanded velocity is related to
how the servo velocity control feedback loop operates.
The acceleration and deceleration parameters determine how quickly the motor accel-
erates from rest to the commanded velocity or from that velocity to a halt. This parameter
is also an internal parameter used in the servo feedback loop, but experimentation has shown
that the effective range of this parameter is from 0 to 10000. Values above 10000 tend to
have little effect on acceleration rates of the servo motors.
The following materials were used for each test:
 The MC2000 Control Module
 Two RSA-2.0i Motorized Rotation Stages
 Two masses and brackets for mounting. The motor one mass weighed 2342 g and the
motor two mass weighed 2350 g. Both blocks are made of aluminum and measure
roughly 3 inches by 3 inches by 6 inches. Each mass is attached by four 45 g brackets.
 A computer with a serial connection
 A Newport Optical Lab Bench
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D.1 VELOCITY TESTING
This test will characterize how the motors move in response to a commanded user
velocity. This test is especially critical for the HOBS device because it will create a motor
angular velocity profile that will determine the commanded user velocity necessary to move
the servo motors at the desired speed. The motors will be tested with no masses attached and
separately with a large mass attached. This test will be conducted with a highly automated
routine that handles varying the user motor movement parameters and recording data.
D.1.1 Procedure
1. Firmly secure the servo motors in place on the optical table. The motors should have
no freedom of movement and should be well isolated from ambient vibrational noise.
Secure the motors vertically so that the plane of the motors is horizontal.
2. Connect the motors to the control module and connect the control module to the
computer.
3. Command the motors to move at various command velocities for at least two full ro-
tations per commanded velocity and record the motor positions at a high sampling
frequency. The acceleration and deceleration parameters chosen were both 10000 ac-
celeration units. The position commanded was 13,988,690 ticks, which corresponds to
two rotations. The commanded velocities ranged from 1 to 13000 in a logarithmically
spaced fashion. Each velocity test should be conducted several times so that the test
will show the repeatability of the motor to operate at the desired velocity. In this test,
each velocity was tested ten times on each motor.
4. Repeat step three with the masses attached.
D.1.2 Results
Figures 102(a) and 102(b) show the resultant actual velocity of both motors against
commanded velocities with and without added masses.
D.1.3 Discussion
The association between the commanded velocity and the actual motor angular velocity
of each motor is very strong regardless of the load of the motor. The relationship is a positive,
linear relationship with high precision. A least-squares linear regression was performed on
each relationship. The fitted trend lines are:
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V elocityMotor1 = 0.000023VCommanded + 0.014132
V elocityMotor2 = 0.000023VCommanded + 0.014132
There are few points where data will deviate far from the trend line. These errors may
be a result of several factors including serial communication errors, such as an incorrectly
sent velocity command, or servo controller failure. It should be noted that as the commanded
velocity drops, the resolution of the velocity also decreases sharply. This resolution drop is
causes because the commanded velocity is sent as an integer from 1 to 13000. If the motors
are rotating at velocity 1000, it is simple to command the motors to rotate 10% faster; a
command of 1100 must be inputted. However, if the motors are rotating at velocity 1, the
motors can only be stopped or doubled in speed.
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(a) This figure is a plot of the relationship between commanded
velocity value and observed angular velocity of each motor. In this
test no masses were added. Each commanded velocity has 10 points
and the results are fitted with a linear least squares regression.
(b) This figure is a plot of the relationship between commanded
velocity value and observed angular velocity of each motor. In
this test the masses were added. Each commanded velocity has 10
points and the results are fitted with a linear least squares regres-
sion.
Figure 102. Results of the velocity testing.
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D.2 ACCELERATION TESTING
This test will characterize how the motors respond to the user commanded acceleration
and deceleration parameters. This test is critical to the HOBS device because it will create
an acceleration profile that will allow the user to control the acceleration of the motor’s
movement. The acceleration of a rotary stage is important for several reasons. Firstly, if
the motors are accelerated very quickly, the stress on the mounts and gratings could cause
breakage. Secondly, the acceleration must be sufficient for the HOBS device to react as
desired by the user. Third, the acceleration control allows the user to transition at a desired
rate between velocities, which may be critical for keeping transitions between motion states
smooth.
D.2.1 Procedure
1. Firmly secure the servo motors in place on the optical table. The motors should have
no freedom of movement and should be well isolated from ambient vibrational noise.
Secure the motors vertically so that the plane of the motors is vertical.
2. Connect the motors to the control module and connect the control module to the
computer.
3. Command the motors to move at a high velocity for at least two full rotations with
various acceleration parameters and record the motor positions at a high sampling
frequency. The deceleration parameters should be the same as the acceleration param-
eters. The chosen velocity was 12000, which as shown before is roughly the maximum
velocity of the motors. The position commanded was 13,988,690 ticks, which corre-
sponds to two rotations. The acceleration and deceleration parameters varied from 1 to
50000 in a logarithmically spaced fashion. Each acceleration test should be conducted
several times so that the test will show the repeatability of the motor to operate at the
desired velocity. In this test, each velocity was tested ten times on each motor.
4. Repeat step three with the masses attached.
D.2.2 Results
The following figures show the acceleration and deceleration data from the acceleration
tests. Figure 103(a) shows the resultant acceleration per commanded acceleration unit, and
Figure 104(a) shows the resultant deceleration per commanded deceleration unit for the
acceleration tests with no masses attached. Figures 103(b) and 104(b) show the same tests
conducted with the masses attached.
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(a) This figure is a plot of the relationship of commanded accelera-
tion value against the observed acceleration value. In this test, no
weights were added. Each acceleration value was tested ten times.
(b) This figure is a plot of the relationship of commanded accelera-
tion value against the observed acceleration value. In this test, the
weights were added. Each acceleration value was tested ten times.
Figure 103. Results of the acceleration testing.
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(a) This figure is a plot of the relationship of commanded decelera-
tion value against the observed deceleration value. In this test, no
weights were added. Each deceleration value was tested ten times.
(b) This figure is a plot of the relationship of commanded decel-
eration value against the observed deceleration value. In this test,
the weights were added. Each deceleration value was tested ten
times.
Figure 104. Results of the deceleration testing.
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D.2.3 Discussion
From the results, we can see that the actual acceleration and the deceleration of the
motors is non-linear. However, the relationship between the commanded and actual acceler-
ation and deceleration does seem to follow a sigmodal trend. The results also show that as
the commanded accelerations and decelerations grow, the actual accelerations and decelera-
tions are much less precise. It should be noted that due to friction, the motors are capable
of decelerating more than ten times as fast as they can accelerate. There is also very little
difference in performance when the motors are loaded with extra masses.
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D.3 POSITION TESTING
This test will characterize how precisely the motors handle stopping at the precisely
commanded location. The purpose of this experiment is to show the motors ability to servo
to an exact desired location. This test is important to the HOBS system because, often,
beam-steering systems need to be accurate and precise to close a beam steering tracking
loop. If the beam-steerer is not capable of precisely hitting a commanded point, the laser
beam may not hit the intended target consistently.
D.3.1 Procedure
1. Firmly secure the servo motors in place on the optical table. Secure the motors verti-
cally so that the plane of the motors is vertical.
2. Connect the motors to the control module and connect the control module to the
computer.
3. Move the motors at various deceleration parameters and velocities for two full rotations
and record the motor positions at a high sampling frequency. The chosen velocity
was 12000, which as shown before is roughly the maximum velocity of the motors.
The position commanded was 13,988,690 ticks, which corresponds to two rotations.
Vary the deceleration parameters from 0 to 10000 in increments of 100 and record the
location where the motor stops.
4. Repeat step three with the 2 kilogram masses attached.
D.3.2 Results
The following figures display the average positional error of both motors as drawn
from the positional testing. Figure 105(a) shows the average positional error of motor one at
various velocities and decelerations without any added load. Figure 105(b) shows the average
positional error of motor two at various velocities and decelerations without any added load.
Figure 106(a) shows the average positional error of motor one at various velocities and
decelerations without any added load. Figure 106(b) shows the average positional error
of motor two at various velocities and decelerations without any added load. Note that
in the following figures, the measured positional error in all cases is below 1 tick or 0.89
microradians.
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(a) This figure is a plot of the relationship between commanded ve-
locity and acceleration value and observed positional error of motor
one. In this test no masses were added. Each commanded velocity
and acceleration pair has 10 trials and the results are averaged and
plotted on this surface plot.
(b) This figure is a plot of the relationship between commanded ve-
locity and acceleration value and observed positional error of motor
two. In this test no masses were added. Each commanded velocity
and acceleration pair has 10 trials and the results are averaged and
plotted on this surface plot.
Figure 105. Results of the position testing with no weights added.
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(a) This figure is a plot of the relationship between commanded ve-
locity and acceleration value and observed positional error of motor
one. In this test the masses were added. Each commanded velocity
and acceleration pair has 10 trials and the results are averaged and
plotted on this surface plot.
(b) This figure is a plot of the relationship between commanded ve-
locity and acceleration value and observed positional error of motor
one. In this test the masses were added. Each commanded velocity
and acceleration pair has 10 trials and the results are averaged and
plotted on this surface plot.
Figure 106. Results of the position testing with weights added.
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D.3.3 Discussion
The results show that our servo motors have high positional accuracy and precision with
low occurrences of error when the motors are not loaded. It is clearly visible that these errors
increase when masses are added to the system. The tests also show that a higher number
of errors occur on motor two, which has been seen through experimentation in earlier tests.
This increased error frequency could be caused by some manufacturing defect in motor two’s
motor or servo control system. Fortunately despite high error frequency, these errors never
exceed 1 tick value which is 0.89 microradians. For prototyping purposes, these motors have
very high precision and accuracy and should have little issues with providing the necessary
performance.
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E. MOTOR TESTING DATA TABLES
E.1 VELOCITY TESTING WITHOUT MASSES
These two tables represent the data from the velocity tests with no added weights in
Section 18.1.
Motor One Commanded Velocity against actual Velocity (milliradians/sec) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 12000 13000
1 174.2415174.2421174.2419174.2426 174.242 174.2422174.2431174.2426174.2417278.7884557.56531393.91592787.90863345.38113624.2122
2 174.2417174.2426174.2422174.2417174.2419174.2416174.2425174.2416174.2421278.7875557.56551393.91232787.79513345.49283624.4159
3 174.2412174.2428174.2413 174.242 174.2424174.2426174.2422 174.242 174.242 278.7882557.56171393.91162787.80183345.41783624.0968
4 174.2421174.2421174.2416174.2413174.2418174.2427174.2425174.2417174.2419278.7858557.56591393.90112787.85723345.34253624.2103
5 174.2428174.2428 174.242 174.242 174.2423174.2416174.2426174.2424174.2415278.7873557.56681393.89082787.88983345.62483624.1099
6 174.2417174.2434174.2426174.2418174.2424 174.242 174.242 174.2422174.2415 278.788 557.56621393.90962787.9005 3345.481 3624.3087
7 174.2418174.2421174.2416 174.242 174.2412174.2424174.2416174.2423174.2422278.7902557.56861393.90342787.89093345.51933624.2613
8 174.2425174.2421174.2427174.2421 174.242 174.2418174.2424174.2428174.2424278.7901557.56521393.91822787.81123345.42833624.2514
9 174.2414174.2425174.2418174.2424174.2407174.2427174.2418174.2415174.2419278.7862557.56781393.89982787.8957 3345.509 3624.4114
10 174.2419174.2416174.2426174.2424 174.242 174.2413 174.242 174.2417174.2424278.7851 557.566 1393.89242787.84723345.58083624.4174
Motor Two Commanded Velocity against actual Velocity (milliradians/sec) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 12000 13000
1 174.24 174.2405174.2407 174.241 174.2403174.2407 174.241 174.2401174.2406 278.786 557.55991393.92272787.78213345.36673624.1967
2 174.2407 174.241 174.2404174.2412174.2406174.2406174.2398174.2406174.2409 278.785 557.55841393.91232787.81053345.2985 3624.191
3 174.2399174.2402174.2408 174.241 174.2409174.2406174.2406174.2404174.2404278.7864557.55641393.93822787.80823345.23553624.2619
4 174.2405 174.24 174.2405174.2398174.2408174.2402174.2409 174.24 174.2399278.7851557.55881393.94252787.74923345.28493624.1433
5 174.24 174.2398174.2404174.2404174.2412174.2401 174.241 174.2408 174.241 278.7855557.56141393.9544 2787.778 3345.45243624.3362
6 174.2404 174.241 174.241 174.2406174.2408174.2404174.2404174.2411174.2404278.7849557.5626 1393.951 2787.88883345.28413624.3358
7 174.2408174.2405174.2406174.2404174.2408174.2402174.2411174.2409174.2406278.7866557.56331393.93282787.79583345.33563624.2728
8 174.2414174.2411174.2406174.2411174.2404174.2408174.2405174.2412174.2403278.7834557.55641393.95442787.81123345.38653624.2472
9 174.2403174.2415174.2402174.2397 174.241 174.2401174.2408174.2407174.2408278.7856557.56251393.93512787.78823345.32073624.2004
10 174.2403174.2406174.2406174.2411174.2405174.2409174.2401174.2406174.2409278.7845557.56071393.92892787.85913345.39513624.2053
E.2 VELOCITY TESTING WITH MASSES
These two tables represent the data from the velocity tests with added weights in
Section 18.1.
Motor One Commanded Velocity against actual Velocity (milliradians/sec) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 12000 13000
1 174.2393174.2394174.2398 174.24 174.2397174.2401174.2397174.2393174.2399278.7821557.55981393.91042787.7763 3345.484 3624.2235
2 174.2391174.2396174.2397174.2397174.2397174.2397174.2396174.2392174.2395 278.782 557.55781393.92812787.78593345.43113624.1904
3 174.2401174.2391 174.24 174.2394174.2398174.2401 174.24 174.2398174.2404278.7841557.55871393.94392787.78653345.36413624.3088
4 174.24 174.2392174.2388174.2391174.2402174.2399174.2401174.2402174.2398278.7851557.55361393.94782787.83363345.41263624.2836
5 174.2404174.2391174.2391174.2397174.2394174.2395174.2394174.2401174.2392278.7835557.55691393.91692787.7935 3345.411 3624.2036
6 174.2396174.2397174.2397174.2395174.2402 174.24 174.2399174.2393174.2396278.7836557.55251393.91312787.76713345.28873623.9933
7 174.2401174.2396174.2393174.2396 174.24 174.2398174.2397174.2404174.2396278.7819557.55241393.94872787.89583345.28553624.1054
8 174.2397174.2402174.2401174.2403174.2397174.2402174.2396174.2401174.2403278.7843557.55271393.93492787.77583345.3103 3624.088
9 174.2395174.2398174.2395174.2392174.2396174.2398174.2392174.2397174.2397 278.785 557.55291393.91662787.77163345.35083624.0919
10 174.2402174.2399174.2403174.2397174.2395 174.24 174.2393174.2401174.2401278.7834557.55361393.91712787.79193345.44183624.2919
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Motor Two Commanded Velocity against actual Velocity (milliradians/sec) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 12000 13000
1 174.2378174.2383174.2388174.2385174.2382174.2389174.2382174.2388174.2378278.7797557.55351393.91042787.78273345.31323624.2308
2 174.2381174.2381174.2376174.2386174.2387174.2386 174.238 174.2382174.2385278.7813 557.556 1393.92812787.78343345.26023624.1979
3 174.2386174.2387174.2384174.2375174.2388174.2385174.2379174.2381174.2389 278.78 557.557 1393.94392787.78413345.36053624.2744
4 174.2379174.2382174.2384174.2381174.2371174.2379174.2391 174.238 174.2388278.7802557.55361393.91692787.73693345.23953624.2909
5 174.2388174.2377174.2386174.2381174.2378174.2384174.2384174.2385174.2376 278.78 557.55271393.9169 2787.686 3345.41813624.1798
6 174.238 174.2385174.2381174.2385174.2386 174.238 174.2378174.2378174.2386278.7813557.55611393.92192787.6414 3345.278 3624.2092
7 174.2382174.2381174.2383174.2392174.2378174.2388174.2393174.2382174.2392278.7803557.54881393.91762787.76963345.29613624.1127
8 174.2393 174.238 174.2381174.2378174.2381174.2382174.2391174.2386174.2378278.7819557.55971393.91322787.7468 3345.471 3624.088
9 174.2385174.2377174.2374174.2387174.2386174.2387 174.238 174.2381174.2385278.7835557.55631393.9211 2787.778 3345.36853624.1207
10 174.238 174.2383174.2385174.2388174.2379174.2396174.2382174.2385174.2381278.7792557.55541393.91712787.79833345.26193624.2877
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E.3 ACCELERATION TESTING WITHOUT MASSES
These two tables represent the data from the acceleration tests with no added weights
in Section 18.2.
Motor One Commanded Acceleration against actual Acceleration (milliradians/sec2) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.269 17.296443.113886.2592171.9957430.3388 848.388 1658.64663489.82585168.2257 6428.498 6772.02397301.13027645.79737339.8102
2 17.303117.286543.173786.3053171.9999428.4067858.62831663.26853409.31295298.95756956.4539 7048.865 7384.30297640.76238020.8573
3 17.301 17.268243.049985.8802171.6107427.7344 846.828 1613.71023415.45085154.71356947.45757373.3464 6327.858 7641.21357086.0134
4 17.277117.281743.201786.1707171.5569426.2043852.07381661.27993277.00384972.76046460.14037391.54827381.96788015.13827676.9433
5 17.289317.288343.108886.1727 171.791 427.8342857.31981622.62673260.72515299.81016963.75936738.03377640.4424 8024.92 7407.1752
6 17.250817.299443.033886.1866171.8537426.5186856.55991631.38143400.01845278.21296426.16456271.99436773.53366782.02327333.0355
7 17.258117.271543.103186.2879172.3673429.0059843.29991571.13273486.31935153.38366434.3667 7968.605 7386.41697086.04797093.3435
8 17.277 17.304743.183586.2097172.0408426.3171846.41061601.24933469.25195290.78656189.88637049.28136790.38218029.68458013.0644
9 17.271 17.275543.119886.3417 171.921 427.5361850.48171640.42983202.88324960.1925 6935.499 7062.22287019.8958 7639.344 7076.0435
10 17.282617.289343.037886.0496171.7886428.2366842.68281649.2832 3416.772 5149.90596172.72556257.72636506.39478028.78668025.1521
Motor Two Commanded Acceleration against actual Acceleration (milliradians/sec2) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.267917.300243.137886.3538172.1176429.6659848.29011653.83243487.72265295.81276401.03186261.79666993.96027306.02077037.7588
2 17.300917.286143.166886.3207 171.465 428.5292856.42691664.26313412.33485287.20056938.77946744.53657060.20667030.53847654.1243
3 17.315117.286143.211586.0793171.8584427.8072847.27221614.98193392.92185136.57016929.38347047.07266231.38247316.58856791.9097
4 17.292617.274543.197486.2436171.7776424.0557851.1623 1663.69 3340.70675025.06316425.83517062.37697279.83637644.4089 7340.841
5 17.276317.289643.182786.1372171.8544 427.521 857.64971630.25173277.08445287.29866935.06456465.10067309.30597650.73437085.2577
6 17.271217.287343.151486.2031171.7144427.3797856.86061633.19763396.83215112.07916164.86896022.87956498.72656759.42877029.5707
7 17.281717.279443.149186.1541 172.449 428.4537842.98341599.94743480.79915136.98336428.38097380.14867285.12386745.09616793.8765
8 17.269217.306543.209986.0931172.1357423.2053845.12851597.45113455.66845132.1004 6047.731 6746.99246722.47327652.14187329.9467
9 17.247717.298943.1722 86.22 171.8587427.5904850.94251637.9398 3272.249 4848.834 6948.13416764.54436989.36147318.3607 6782.293
10 17.265517.278243.013986.0071171.5931428.2914 841.088 1654.32043450.72555124.69225825.52486217.07866259.24357654.13267655.0033
E.4 DECELERATION TESTING WITHOUT MASSES
These two tables represent the data from the deceleration tests with no added weights
in Section 18.2.
Motor One Commanded Deceleration against actual Deceleration (milliradians/sec2) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.269 17.296443.113886.2592171.9957430.3388 848.388 1658.64663489.82585168.2257 6428.498 6772.02397301.13027645.79737339.8102
2 17.303117.286543.173786.3053171.9999428.4067858.62831663.26853409.31295298.95756956.4539 7048.865 7384.30297640.76238020.8573
3 17.301 17.268243.049985.8802171.6107427.7344 846.828 1613.71023415.45085154.71356947.45757373.3464 6327.858 7641.21357086.0134
4 17.277117.281743.201786.1707171.5569426.2043852.07381661.27993277.00384972.76046460.14037391.54827381.96788015.13827676.9433
5 17.289317.288343.108886.1727 171.791 427.8342857.31981622.62673260.72515299.81016963.75936738.03377640.4424 8024.92 7407.1752
6 17.250817.299443.033886.1866171.8537426.5186856.55991631.38143400.01845278.21296426.16456271.99436773.53366782.02327333.0355
7 17.258117.271543.103186.2879172.3673429.0059843.29991571.13273486.31935153.38366434.3667 7968.605 7386.41697086.04797093.3435
8 17.277 17.304743.183586.2097172.0408426.3171846.41061601.24933469.25195290.78656189.88637049.28136790.38218029.68458013.0644
9 17.271 17.275543.119886.3417 171.921 427.5361850.48171640.42983202.88324960.1925 6935.499 7062.22287019.8958 7639.344 7076.0435
10 17.282617.289343.037886.0496171.7886428.2366842.68281649.2832 3416.772 5149.90596172.72556257.72636506.39478028.78668025.1521
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Motor Two Commanded Deceleration against actual Deceleration (milliradians/sec2) without added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.267917.300243.137886.3538172.1176429.6659848.29011653.83243487.72265295.81276401.03186261.79666993.96027306.02077037.7588
2 17.300917.286143.166886.3207 171.465 428.5292856.42691664.26313412.33485287.20056938.77946744.53657060.20667030.53847654.1243
3 17.315117.286143.211586.0793171.8584427.8072847.27221614.98193392.92185136.57016929.38347047.07266231.38247316.58856791.9097
4 17.292617.274543.197486.2436171.7776424.0557851.1623 1663.69 3340.70675025.06316425.83517062.37697279.83637644.4089 7340.841
5 17.276317.289643.182786.1372171.8544 427.521 857.64971630.25173277.08445287.29866935.06456465.10067309.30597650.73437085.2577
6 17.271217.287343.151486.2031171.7144427.3797856.86061633.19763396.83215112.07916164.86896022.87956498.72656759.42877029.5707
7 17.281717.279443.149186.1541 172.449 428.4537842.98341599.94743480.79915136.98336428.38097380.14867285.12386745.09616793.8765
8 17.269217.306543.209986.0931172.1357423.2053845.12851597.45113455.66845132.1004 6047.731 6746.99246722.47327652.14187329.9467
9 17.247717.298943.1722 86.22 171.8587427.5904850.94251637.9398 3272.249 4848.834 6948.13416764.54436989.36147318.3607 6782.293
10 17.265517.278243.013986.0071171.5931428.2914 841.088 1654.32043450.72555124.69225825.52486217.07866259.24357654.13267655.0033
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E.5 ACCELERATION TESTING WITH MASSES
These two tables represent the data from the acceleration tests with added weights in
Section 18.2.
Motor One Commanded Acceleration against actual Acceleration (milliradians/sec2) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.25532798.4763 43.149 86.2011171.7385430.6381850.83331645.69673230.7532 5174.098 6954.80547075.28858005.63067351.16878018.2511
2 17.3034 17.3153 43.125586.0645171.4704427.7384 849.294 1656.63723395.78935146.61516209.01457374.77096773.17948016.47678018.5136
3 17.2767 17.309 43.144986.1153171.4836429.4688840.34791646.11923366.57055150.51246905.83847375.66276770.90137332.35197640.7303
4 17.2534 17.2811 43.201786.1799 172.077 428.4293851.26911663.36333291.19095170.13656948.40587050.46657305.63336795.27967332.1522
5 17.2478 17.249 43.138 86.0508172.0274428.1031845.42681661.06623409.41584597.87356455.3737 7623.581 7329.5743 8018.888 6782.297
6 17.2808 17.2948 43.110786.1694171.9303428.0354856.83971663.53733338.80824613.61696662.97217380.5231 7082.042 8015.054 8013.7236
7 17.2915 17.288 43.235886.0586172.5439 428.701 855.78441639.50663487.99374986.94136945.53136759.6062 7309.936 7348.54 6783.0553
8 17.2543 17.2535 43.192586.2448171.4983428.4917849.41831629.25973161.26025148.2782 6902.862 7377.30417633.19837408.30397646.6848
9 17.2784 17.2939 43.132386.2892171.8032427.0412847.43211641.61683473.11075002.54076735.45177061.56078002.84848031.82547360.0956
10 17.2757 17.2801 43.229186.2476172.1237427.6502847.31761636.6019 3417.363 5126.98936453.51167378.6551 7398.091 8031.536 7089.3131
Motor Two Commanded Acceleration against actual Acceleration (milliradians/sec2) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.272617.281343.140886.2795171.8395430.6566 848.381 1657.04723268.90175154.11526905.46356989.70137628.11387038.73017649.4118
2 17.2837 17.289 43.229 86.0171171.6583427.8569849.99831657.43033340.84065156.73146224.45167053.80196505.96877646.99487654.5278
3 17.2577 17.302 43.187585.9861171.4895429.1421840.30581646.99673357.18645148.75296690.15857059.13776504.38587035.50037306.6807
4 17.2428 17.278 43.142986.1488171.9088427.9122853.14741663.51183340.48055264.53056690.56326957.14837003.76156529.87947026.9095
5 17.268817.277843.155985.9718172.0671431.4157 846.822 1669.80593530.84674604.73986632.39987063.61467019.88487655.63556513.4485
6 17.280817.311443.135586.0767171.7105 425.502 854.80251674.34313334.14194708.42696643.03357054.91296782.49387647.49517646.5321
7 17.299417.275443.194986.0637172.5058428.5538856.50861652.46533486.43685270.69686687.76056484.90677000.49747305.41896514.6205
8 17.247317.266943.246886.3417170.9915428.4921849.06351633.93253209.36815152.37316649.25687051.94797294.50967080.89837302.9503
9 17.266 17.291543.113586.2139171.6264 426.841 847.228 1639.55623474.40684987.54246911.4934 6761 7628.95177658.84256775.9621
10 17.273917.308643.240986.1814172.0324426.7423 847.316 1624.01433415.45425115.13226649.88576974.14657074.85327652.24166795.4789
E.6 DECELERATION TESTING WITH MASSES
These two tables represent the data from the deceleration tests with added weights in
Section 18.2.
Motor One Commanded Deceleration against actual Deceleration (milliradians/sec2) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.25532798.4763 43.149 86.2011171.7385430.6381850.83331645.69673230.7532 5174.098 6954.80547075.28858005.63067351.16878018.2511
2 17.3034 17.3153 43.125586.0645171.4704427.7384 849.294 1656.63723395.78935146.61516209.01457374.77096773.17948016.47678018.5136
3 17.2767 17.309 43.144986.1153171.4836429.4688840.34791646.11923366.57055150.51246905.83847375.66276770.90137332.35197640.7303
4 17.2534 17.2811 43.201786.1799 172.077 428.4293851.26911663.36333291.19095170.13656948.40587050.46657305.63336795.27967332.1522
5 17.2478 17.249 43.138 86.0508172.0274428.1031845.42681661.06623409.41584597.87356455.3737 7623.581 7329.5743 8018.888 6782.297
6 17.2808 17.2948 43.110786.1694171.9303428.0354856.83971663.53733338.80824613.61696662.97217380.5231 7082.042 8015.054 8013.7236
7 17.2915 17.288 43.235886.0586172.5439 428.701 855.78441639.50663487.99374986.94136945.53136759.6062 7309.936 7348.54 6783.0553
8 17.2543 17.2535 43.192586.2448171.4983428.4917849.41831629.25973161.26025148.2782 6902.862 7377.30417633.19837408.30397646.6848
9 17.2784 17.2939 43.132386.2892171.8032427.0412847.43211641.61683473.11075002.54076735.45177061.56078002.84848031.82547360.0956
10 17.2757 17.2801 43.229186.2476172.1237427.6502847.31761636.6019 3417.363 5126.98936453.51167378.6551 7398.091 8031.536 7089.3131
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Motor Two Commanded Deceleration against actual Deceleration (milliradians/sec2) with added Masses
Trial Number 1 2 5 10 20 50 100 200 500 1000 2000 5000 10000 20000 50000
1 17.272617.281343.140886.2795171.8395430.6566 848.381 1657.04723268.90175154.11526905.46356989.70137628.11387038.73017649.4118
2 17.2837 17.289 43.229 86.0171171.6583427.8569849.99831657.43033340.84065156.73146224.45167053.80196505.96877646.99487654.5278
3 17.2577 17.302 43.187585.9861171.4895429.1421840.30581646.99673357.18645148.75296690.15857059.13776504.38587035.50037306.6807
4 17.2428 17.278 43.142986.1488171.9088427.9122853.14741663.51183340.48055264.53056690.56326957.14837003.76156529.87947026.9095
5 17.268817.277843.155985.9718172.0671431.4157 846.822 1669.80593530.84674604.73986632.39987063.61467019.88487655.63556513.4485
6 17.280817.311443.135586.0767171.7105 425.502 854.80251674.34313334.14194708.42696643.03357054.91296782.49387647.49517646.5321
7 17.299417.275443.194986.0637172.5058428.5538856.50861652.46533486.43685270.69686687.76056484.90677000.49747305.41896514.6205
8 17.247317.266943.246886.3417170.9915428.4921849.06351633.93253209.36815152.37316649.25687051.94797294.50967080.89837302.9503
9 17.266 17.291543.113586.2139171.6264 426.841 847.228 1639.55623474.40684987.54246911.4934 6761 7628.95177658.84256775.9621
10 17.273917.308643.240986.1814172.0324426.7423 847.316 1624.01433415.45425115.13226649.88576974.14657074.85327652.24166795.4789
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E.7 POSITION TESTING WITHOUT MASSES
These two tables represent the data from the position tests without added masses in
Section 18.3.
Motor One Positional Error versus Commanded Velocity and Deceleration (in ticks) without added Weights
Commanded Velocity Parameter
Commanded Deceleration Parameter 100 200 500 1000 2000 5000 10000 12000 15000
100 0 0 0 0 0 0 0 0 0
200 0 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0
2000 0 0 0 0 0 0 0 0.1 0
5000 0 0 0 0 0 0 0 0 0
10000 0 0 0 0 0 0 0 0 0
20000 0 0 0 0 0 0 0 0 0
50000 0 0 0 0 0 0 0 0 0
Motor Two Positional Error versus Commanded Velocity and Deceleration (in ticks) without added Weights
Commanded Velocity Parameter
Commanded Deceleration Parameter 100 200 500 1000 2000 5000 10000 12000 15000
100 0 0 0 0 0 0 0 0 0
200 0 0 0 0 0 0 0 0 0.1
500 0 0 0 0 0.1 0 0 0 0
1000 0 0 0 0 0 0 0 0 0
2000 0 0 0 0.1 0 0 0 0 0
5000 0 0 0 0 0 0 0 0 0
10000 0 0 0 0 0 0 0 0 0
20000 0 0 0 0 0 0 0 0 0
50000 0 0 0 0 0 0 0 0 0
E.8 POSITION TESTING WITHOUT MASSES
These two tables represent the data from the position tests with added masses in
Section 18.3.
Motor One Positional Error versus Commanded Velocity and Deceleration (in ticks) with added Weights
Commanded Velocity Parameter
Commanded Deceleration Parameter 100 200 500 1000 2000 5000 10000 12000 15000
100 0 0 0 0 0 0 0 0 0
200 0 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0
2000 0 0 0 0 0 0 0 0 0
5000 0 0 0 0 0 0 0 0 0
10000 0 0 0 0 0 0 0 0 0
20000 0 0 0 0 0 0 0 0 0
50000 0 0 0 0 0 0 0 0 0
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Motor Two Positional Error versus Commanded Velocity and Deceleration (in ticks) with added Weights
Commanded Velocity Parameter
Commanded Deceleration Parameter 100 200 500 1000 2000 5000 10000 12000 15000
100 0 0 0 0 0 0 0 0 0
200 0 0 0 0.1 0 0 0 0 0
500 0 0 0 0 0 0.2 0 0 0
1000 0 0.2 0 0.2 0 0.1 0 0.1 0
2000 0 0.4 0 0.1 0 0.1 0 0 0
5000 0.1 0 0.2 0.2 0 0 0 0 0
10000 0.1 0 0.2 0 0.1 0 0 0 0
20000 0.2 0 0.1 0 0 0 0 0 0
50000 0 0.1 0.1 0 0 0 0 0 0
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